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Ecological Effects

Introduction

7KLV#DSSHQGL[#FKDUDFWHUL]HV#WKH#HFRORJLFDO#EHQHILWV
RI#WKH#&OHDQ#$LU#$FW#$PHQGPHQWV1##$OWKRXJK#(3$·V
IRFXV# RQ# D# FOHDQ# HQYLURQPHQW# KDV# ORQJ# LQFOXGHG
SURWHFWLRQ# RI# ERWK# HFRV\VWHP# KHDOWK# DQG# KXPDQ
KHDOWK/# PDQ\# SDVW# DQDO\VHV/# SDUWLFXODUO\# HFRQRPLF
DQDO\VHV/#KDYH#IRFXVHG#RQ#KXPDQ#KHDOWK#EHQHILWV#RI
SROOXWLRQ#FRQWURO1##(FRORJLFDO#EHQHILWV/#E\#FRPSDULVRQ/
KDYH#QRW#DOZD\V#EHHQ#DV#ZHOO0UHSUHVHQWHG/#IRU#D#YDULHW\
RI#UHDVRQV=

& (FRORJLFDO#LPSDFWV#PD\#EH#FRPSOH[#DQG#QRQ0
OLQHDU/#LQYROYLQJ#UHODWLRQVKLSV#DW#YDULRXV#OHYHOV
RI# ELRORJLFDO# RUJDQL]DWLRQ1# # ,PSRUWDQW
HFRORJLFDO#HIIHFWV#VXFK#DV#SRSXODWLRQ#GHFOLQH
RI# D# NH\VWRQH# VSHFLHV# FDQ# ULSSOH# WKURXJK# D
IRRG#ZHE#DQG#DOWHU#FRPPXQLW\#VWUXFWXUH#DQG
HFRV\VWHP#IXQFWLRQ1

& (FRORJLFDO# V\VWHPV/# OLNH# KXPDQ# ERGLHV/
SRVVHVV#D#ZLGH# UDQJH#RI#DGDSWLYH#FDSDFLWLHV
WKDW#FDQ#PLWLJDWH#RU#PDVN#HIIHFWV#DQG#PDNH
WKHP#GLIILFXOW#WR#GHWHFW1##:KDW#GLIIHUHQWLDWHV/
DQG#IXUWKHU#FRPSOLFDWHV#WKH#PHDVXUHPHQW#RI
HFRORJLFDO# HIIHFWV# LV# WKH# ODFN# RI# VXIILFLHQW
EDVHOLQH#GDWD#RQ#QDWXUDO#HFRV\VWHP#VWUXFWXUH
DQG#IXQFWLRQ#WKRXJK#VXFFHVVLRQDO#VWDJHV1

& 3UHYHQWLRQ# RI# HFRORJLFDO# HIIHFWV# PD\# EH
YLHZHG#E\#WKH#SXEOLF#DQG#GHFLVLRQ0PDNHUV#DV
D#ORZHU#SULRULW\#WKDQ#WKH#SURWHFWLRQ#RI#KXPDQ
KHDOWK1

1RQHWKHOHVV/# ZLWKLQ# WKH# ODVW# IHZ# GHFDGHV# DLU
SROOXWLRQ# VWDUWHG# WR# UHFHLYH# DWWHQWLRQ# IRU# QRW# RQO\
DIIHFWLQJ#KXPDQ#KHDOWK#EXW#DOVR#LWV#GUDPDWLF#LQMXULHV#WR
HFRV\VWHPV1##,QFUHDVHG#SXEOLF#DZDUHQHVV#DQG#UHVHDUFK
UHVXOWV#KDYH#OHG#WR#WKH#GHYHORSPHQW#RI#DLU#SROOXWLRQ
UHVHDUFK#DV#DQ#LPSRUWDQW#EUDQFK#RI#DSSOLHG#ELRORJLFDO

VFLHQFHV1##1XPHURXV#VFLHQWLILF#VWXGLHV#KDYH#UHYHDOHG
DGYHUVH#HIIHFWV#RI#DLU#SROOXWLRQ#RQ#QDWXUDO#V\VWHPV#WKDW
KDYH/#LQ#WXUQ/#OHG#WR#LQFUHDVLQJO\#KHLJKWHQHG#OHYHOV#RI
SXEOLF# FRQFHUQ# DQG# VXEVHTXHQW# HQYLURQPHQWDO
VWDWXWRU\#GHYHORSPHQWV1##3XEOLF#SROLF\#FRQFHUQLQJ#WKH
UHJXODWLRQ#RI#DLU#SROOXWLRQ#WR#PLWLJDWH#WKHVH# LPSDFWV
UHTXLUHV# DFFXUDWH# DSSUDLVDOV# RI# WKH# HIIHFWLYHQHVV# RI
UHJXODWRU\#RSWLRQV/#EXW#QRW#XQWLO#TXLWH#UHFHQWO\#KDV#LW
EHFRPH#SRVVLEOH#WR#UHOLDEO\#TXDQWLI\#DW#OHDVW#VRPH#RI
WKH# HFRORJLFDO# DQG# HFRQRPLF#EHQHILWV#RI# HFRV\VWHP
LPSDFWV#OLQNHG#WR#DLU#SROOXWLRQ1

7KLV#DQDO\VLV#DWWHPSWV#WR#LQFUHPHQWDOO\#H[SDQG#WKH
EDVH#RI#TXDQWLWDWLYH#DQG#TXDOLWDWLYH#LQIRUPDWLRQ#WKDW
FDQ#EH#XVHG#WR#DVVHVV#DIIHFWV#WR#HFRV\VWHPV#DVVRFLDWHG
ZLWK#DLU#SROOXWLRQ1##7KHUH#DUH#WZR#PDMRU#JRDOV#RI#WKH
DQDO\VLV=#WR#SURYLGH#D#EURDG#RYHUDOO#FKDUDFWHUL]DWLRQ#RI
WKH# UDQJH#RI#HIIHFWV#RI#DLU#SROOXWDQWV#RQ#HFRV\VWHP
VWUXFWXUH/#IXQFWLRQ/#DQG#KHDOWK>#DQG#WR#H[WHQG#H[LVWLQJ
PHWKRGV# DQG# GDWD# WR# FKDUDFWHUL]H# WKH# SRWHQWLDO
PDJQLWXGH# RI# HFRQRPLF# EHQHILWV# GHULYHG# IURP# WKH
4<<3# &OHDQ# $LU# $FW# $PHQGPHQWV# +&$$$,1# # 7KH
HFRQRPLF# DQDO\VLV# LV# IRFXVHG# RQ# D# UHODWLYHO\# VPDOO
VXEVHW#RI#HIIHFWV#IRU#ZKLFK#HFRORJLVWV*#DQG#HFRQRPLVWV*
XQGHUVWDQGLQJ# RI# DQG# DELOLW\# WR#PRGHO# DQ# HIIHFW# LV
VXIILFLHQW#WR#GHYHORS#D#TXDQWLWDWLYH#FKDUDFWHUL]DWLRQ1
,Q#PRVW#FDVHV/#ZH#UHO\#RQ#SXEOLVKHG/#SHHU0UHYLHZHG
OLWHUDWXUH#WR#HVWDEOLVK#WKH#YDOLGLW\#RI#WKH#PHWKRGV#DQG
GDWD#DSSOLHG1

7KH#UHPDLQGHU#RI#WKLV#DSSHQGL[#LV#FRPSULVHG#RI
VHYHQ# PDMRU# VHFWLRQV1# #:H# ILUVW# SURYLGH# D# EURDG
RYHUYLHZ# RI# WKH# HFRORJLFDO# LPSDFWV# RI# WKH# DLU
SROOXWDQWV#UHJXODWHG#E\#WKH#&$$$/#DQG#WKHQ#RXWOLQH
WKH#UDWLRQDOH#IRU#FKRRVLQJ#D#VXEVHW#RI#WKHVH#HIIHFWV#IRU
TXDQWLWDWLYH#DQG#HFRQRPLF#DQDO\VLV1# #)ROORZLQJ# WKLV
ODUJHO\# TXDOLWDWLYH# FKDUDFWHUL]DWLRQ# RI# HIIHFWV/# ZH
GHVFULEH# WKH# PHWKRGV/# GDWD/# DQG# UHVXOWV# XVHG# WR
TXDQWLWDWLYHO\# DVVHVV# EHQHILWV# RI# WKH#&OHDQ#$LU#$FW
$PHQGPHQWV#IRU#WKH#IROORZLQJ#FDWHJRULHV#RI#HIIHFWV=
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& (XWURSKLFDWLRQ#RI#HVWXDULHV#DVVRFLDWHG#ZLWK
DLUERUQH#QLWURJHQ#GHSRVLWLRQ>

& $FLGLILFDWLRQ#RI#IUHVKZDWHU#ERGLHV#DVVRFLDWHG
ZLWK#DLUERUQH#QLWURJHQ#DQG#VXOIXU#GHSRVLWLRQ>

& 5HGXFHG#WUHH#JURZWK#DVVRFLDWHG#ZLWK#R]RQH
H[SRVXUH>

& $FFXPXODWLRQ#RI#WR[LFV#LQ#IUHVKZDWHU#ILVKHULHV
DVVRFLDWHG#ZLWK#DLUERUQH#WR[LFV#GHSRVLWLRQ>

& $HVWKHWLF# GHJUDGDWLRQ#RI# IRUHVWV# DVVRFLDWHG
ZLWK#R]RQH#DQG#DLUERUQH#WR[LFV#H[SRVXUH>

& 2WKHU# OHVV# ZHOO0XQGHUVWRRG# HIIHFWV# RI# DLU
SROOXWLRQ#RQ#HFRV\VWHP#KHDOWK1

7KH#FRQFOXGLQJ#VHFWLRQ#LQFOXGHV#D#VXPPDU\#RI#WKRVH
HFRQRPLF# HVWLPDWHV# WKDW# DUH#XVHG# LQ# WKH# ODUJHU# ;45
DQDO\VLV/# D# VXPPDU\# RI# PDMRU# OLPLWDWLRQV/# DQG
UHFRPPHQGDWLRQV#IRU#IXWXUH#UHVHDUFK14

%HFDXVH# WKH# EUHDGWK# DQG# FRPSOH[LW\# RI# DLU
SROOXWDQW0HFRV\VWHP# LQWHUDFWLRQV#GRHV#QRW#DOORZ# IRU
FRPSUHKHQVLYH# TXDQWLWDWLYH# DQDO\VLV# RI# DOO# WKH
HFRORJLFDO# EHQHILWV# RI# WKH# &$$$# ZH# VWUHVV# WKH
LPSRUWDQFH# RI# FRQWLQXHG# FRQVLGHUDWLRQ# RI# WKRVH
LPSDFWV#QRW#YDOXHG#LQ#WKLV#UHSRUW#LQ#SROLF\#GHFLVLRQ0
PDNLQJ# DQG# LQ# IXUWKHU# WHFKQLFDO# UHVHDUFK1# # -XGJLQJ
IURP# WKH#JHRJUDSKLF#EUHDGWK#DQG#PDJQLWXGH#RI# WKH
UHODWLYHO\# PRGHVW# VXEVHW# RI# LPSDFWV# WKDW# ZH# ILQG
VXIILFLHQWO\#ZHOO0XQGHUVWRRG#WR#TXDQWLI\#DQG#PRQHWL]H/
LW#LV#HYLGHQW#WKDW#WKH#HFRQRPLF#EHQHILWV#RI#WKH#&$$$·V
UHGXFWLRQ#RI#DLU#SROOXWLRQ#LPSDFWV#RQ#HFRV\VWHPV#DUH
RI#D#ODUJH#PDJQLWXGH1

Ecological Overview of the
Impacts of Air Pollutants
Regulated by the CAAA

7KH# SXUSRVH# RI# WKLV# VHFWLRQ# LV# WR# SURYLGH# DQ
RYHUYLHZ# RI# SRWHQWLDO# LQWHUDFWLRQV# EHWZHHQ# DLU
SROOXWDQWV#DQG#WKH#QDWXUDO#HQYLURQPHQW1#:H#LGHQWLI\
PDMRU# VLQJOH# SROOXWDQW0HQYLURQPHQW# LQWHUDFWLRQV/# DV
ZHOO#DV#WKH#V\QHUJLVWLF#LPSDFWV#RI#HFRV\VWHP#H[SRVXUH
WR#PXOWLSOH#DLU#SROOXWDQWV1#$OWKRXJK#D#ZLGH#YDULHW\#RI
FRPSOH[# DLU#SROOXWLRQ0HQYLURQPHQW# LQWHUDFWLRQV# DUH
GHVFULEHG#RU#K\SRWKHVL]HG# LQ# WKH# OLWHUDWXUH/# IRU# WKH
SXUSRVHV#RI#WKLV#DQDO\VLV#ZH#IRFXV#RQ#PDMRU#DVSHFWV#RI
HFRV\VWHP0SROOXWDQW# LQWHUDFWLRQV1# # :H# GR# WKLV# E\
OLPLWLQJ#RXU#UHYLHZ#DFFRUGLQJ#WR#WKH#IROORZLQJ#FULWHULD=

& 3ROOXWDQWV#UHJXODWHG#E\#WKH#&$$$>
& .QRZQ#LQWHUDFWLRQV#EHWZHHQ#SROOXWDQWV#DQG

QDWXUDO# V\VWHPV# DV# GRFXPHQWHG# LQ
SHHU0UHYLHZHG#OLWHUDWXUH>#DQG/

& 3ROOXWDQWV# SUHVHQW# LQ# WKH# DWPRVSKHUH# LQ
VXIILFLHQW# DPRXQWV# DIWHU# 4<:3# WR# FDXVH
VLJQLILFDQW#GDPDJHV#WR#QDWXUDO#V\VWHPV1

2XU# XQGHUVWDQGLQJ# RI# DLU# SROOXWLRQ# HIIHFWV# RQ
HFRV\VWHPV#KDV#SURJUHVVHG# FRQVLGHUDEO\#GXULQJ# WKH
SDVW#GHFDGHV1##3UHYLRXVO\/#DLU#SROOXWLRQ#ZDV#UHJDUGHG
SULPDULO\# DV# D# ORFDO#SKHQRPHQRQ# DQG# FRQFHUQ#ZDV
DVVRFLDWHG# ZLWK# WKH# YLFLQLW\# RI# LQGXVWULDO# IDFLOLWLHV/
SRZHU# SODQWV# RU# XUEDQ# DUHDV1# # 7KH# SROOXWDQWV# RI
FRQFHUQ#ZHUH#JDVHRXV#+H1J1/#VXOIXU#GLR[LGH#DQG#R]RQH,
RU#KHDY\#PHWDOV#+H1J1/#OHDG,#DQG#WKH#REVHUYHG#HIIHFWV
ZHUH#YLVLEOH#VWUHVV0#VSHFLILF#V\PSWRPV#RI#LQMXU\#+H1J1/
IROLDU# FKORURVLV,1# # 7KH# PRVW# W\SLFDO# DSSURDFK# WR
GRFXPHQW# WKH# HIIHFWV# RI# VSHFLILF# SROOXWDQWV# ZDV# D
GRVH0UHVSRQVH#H[SHULPHQW/#ZKHUH#WKH#REMHFWLYH#ZDV#WR
GHYHORS# D# UHJUHVVLRQ# HTXDWLRQ# GHVFULELQJ# WKH
UHODWLRQVKLS# EHWZHHQ# H[SRVXUH# DQG# VRPH# HDVLO\
PHDVXUHG#HIIHFW#+H1J1/#JURZWK/#\LHOG#RU#PRUWDOLW\,1##$V
DQDO\WLF#PHWKRGV#LPSURYHG#DQG#HFRORJ\#SURJUHVVHG/#D
EURDGHU# UDQJH# RI# HIIHFWV# RI# DLU# SROOXWDQWV# ZHUH
LGHQWLILHG#DQG#XQGHUVWDQGLQJ#RI# WKH#PHFKDQLVPV#RI
HIIHFW# LPSURYHG1# # 2EVHUYDWLRQV# PDGH# RQ# YDULRXV
WHPSRUDO# VFDOHV# +H1J1/# ORQJ0WHUP# VWXGLHV,#DQG# VSDWLDO
VFDOHV#+H1J1/#ZDWHUVKHG#VWXGLHV,#OHDG#WR#WKH#UHFRJQLWLRQ

#0RUH#GHWDLOHG#GRFXPHQWDWLRQ#RI#WKH#HFRORJLFDO#EHQHILWV#RI4

WKH#&$$$#FDQ#EH#IRXQG#LQ#D#VHULHV#RI#PHPRUDQGD#DQG#RWKHU#ZRUN
SURGXFWV#SUHSDUHG#DV#D#SDUW#RI#(3$·V#EHQHILWV#DQDO\VLV#DQG#UHVHDUFK
HIIRUW1##7KHVH#PHPRUDQGD#SURYLGH#FRPSUHKHQVLYH#GHVFULSWLRQV#RI
WKH#HFRORJLFDO# LPSDFWV#DYRLGHG#E\#WKH#&$$$/#PHWKRGV#XVHG#WR
FKDUDFWHUL]H# WKRVH# GDPDJHV/# GDWD# VRXUFHV/# DQG# HFRORJLFDO# DQG
HFRQRPLF#EHQHILWV#DVVHVVPHQWV1##7KH#PRUH#GHWDLOHG#GRFXPHQWDWLRQ
FDQ# EH# REWDLQHG# WKURXJK# WKH# (3$# FRQWDFWV# LGHQWLILHG# LQ# WKH
$FNQRZOHGJHPHQWV#VHFWLRQ#RI#WKH#RYHUDOO#UHSRUW1
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WKDW#DLU#SROOXWLRQ#FDQ#DIIHFW#DOO#RUJDQL]DWLRQDO#OHYHOV#RI
ELRORJLFDO#V\VWHPV1##

,Q# WKLV#DQDO\VLV/#ZH#DWWHPSW#WR#EURDGO\#GHVFULEH
WKH# LPSDFWV# RI# DLU# SROOXWDQWV# DW# DOO# OHYHOV# RI
RUJDQL]DWLRQ/#WKRXJK#ZH#DUH#FRQVWUDLQHG#WR#D#UHYLHZ#RI
WKH#PRVW#VLJQLILFDQW#LPSDFWV#RQ#D#QDWLRQDO#VFDOH1##)RU
D#FRPSUHKHQVLYH#UHYLHZ#RI#WKH#HFRORJLFDO#LPSDFWV#RI
DLU#SROOXWDQWV#UHJXODWHG#XQGHU#WKH#&$$$/#VHH#2YHUYLHZ
RI#(FRORJLFDO#,PSDFWV#RI#$LU#3ROOXWDQWV#5HJXODWHG#E\#WKH#4<<3
&OHDQ#$LU#$FW#$PHQGPHQWV#+(3$/#4<<;D,1

Effects of Atmospheric Pollutants on
Natural Systems #

(FRV\VWHP# LPSDFWV# FDQ# EH# RUJDQL]HG# E\# WKH
SROOXWDQWV#RI#FRQFHUQ#DQG#E\#WKH# OHYHO#RI#ELRORJLFDO
RUJDQL]DWLRQ#DW#ZKLFK#LPSDFWV#DUH#GLUHFWO\#PHDVXUHG1
:H# DWWHPSW# WR# DGGUHVV# ERWK# GLPHQVLRQV# RI
FDWHJRUL]DWLRQ# LQ# WKLV# RYHUYLHZ1# # ,Q# 7DEOH#(04#ZH
VXPPDUL]H#WKH#PDMRU#SROOXWDQWV#RI#FRQFHUQ/#DQG#WKH
GRFXPHQWHG#DFXWH#DQG#ORQJ0WHUP#HFRORJLFDO#LPSDFWV
DVVRFLDWHG#ZLWK#WKHP1##:H#IROORZ#ZLWK#D#GHVFULSWLRQ#RI
HDFK#RI#WKH#PDMRU#SROOXWDQW#FODVVHV#DQG#FRQFOXGH#ZLWK
D# VXPPDU\# RI# SROOXWDQW# LPSDFWV# DW# HDFK# OHYHO# RI
ELRORJLFDO#RUJDQL]DWLRQ1

 Table E-1
Classes of Pollutants And Ecological Effects

Pollutant Class Major Pollutants and Acute Effects Long-term Effects
Precursors

Acidic deposition Sulfuric acid, nitric acid Direct toxic effects to plant Progressive deterioration of soil

Precursors: Sulfur dioxide, organisms. surface waters.
nitrogen oxides

leaves and aquatic quality. Chronic  acidification of

Nitrogen Deposition Nitrogen compounds (e.g., Saturation of terrestrial ecosystems
nitrogen oxides) with nitrogen. Progressive nitrogen

enrichment of coastal estuaries.

Hazardous Air Mercury, dioxins Direct toxic effects to Conservation of mercury and dioxins
Pollutants (HAPs) animals. in biogeochemical cycles and 

accumulation in the food chain.

Ozone Tropospheric ozone Direct toxic effects to plant Alterations of ecosystem wide

Precursors: Nitrogen oxides cycling.
and Volatile Organic
Compounds (VOCs)

leaves. patterns of energy flow and nutrient
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Acidic Deposition

$FLGLILFDWLRQ#LV#SHUKDSV#WKH#EHVW0VWXGLHG#HIIHFW#RI
DWPRVSKHULF# SROOXWDQW# GHSRVLWLRQ# WR# QDWXUDO
HQYLURQPHQWV1##$FLGLILFDWLRQ#RI#HFRV\VWHPV#KDV#EHHQ
VKRZQ# WR# FDXVH# GLUHFW# WR[LF# HIIHFWV# WR# VHQVLWLYH
RUJDQLVPV#DV#ZHOO#DV#ORQJ0WHUP#FKDQJHV#LQ#HFRV\VWHP
IXQFWLRQV1# $FLGLILFDWLRQ# FDQ# DIIHFW# DOO# OHYHOV# RI
ELRORJLFDO#RUJDQL]DWLRQ#LQ#ERWK#WHUUHVWULDO#DQG#DTXDWLF
HFRV\VWHPV1# $GYHUVH# HIIHFWV# VHHQ# LQ# WHUUHVWULDO
HFRV\VWHPV# FDQ# LQFOXGH# DFXWH# WR[LF# LQWHUDFWLRQV# RI
DFLGV# ZLWK# WHUUHVWULDO# SODQWV# RU/# PRUH# LPSRUWDQWO\/
FKURQLF#DFLGLILFDWLRQ#RI#WHUUHVWULDO#HFRV\VWHPV#OHDGLQJ
WR# QXWULHQW# GHILFLHQFLHV# LQ# VRLOV/# DOXPLQXP
PRELOL]DWLRQ/#DQG#FRQFRPLWDQW#GHFUHDVHV#LQ#KHDOWK#DQG
ELRORJLFDO#SURGXFWLYLW\#RI#IRUHVWV#+6PLWK/#4<<3>#62627
4;/# 4<;<,1#6LPLODU# WR# WHUUHVWULDO# HFRV\VWHPV/# DGYHUVH
DFLGLILFDWLRQ0LQGXFHG# HIIHFWV#RQ# VXUIDFH#ZDWHUV#PD\
LQFOXGH#HOHYDWHG#PRUWDOLW\#UDWHV#RI#VHQVLWLYH#VSHFLHV/
FKDQJHV# LQ# WKH# FRPSRVLWLRQ# RI# FRPPXQLWLHV/# DQG
FKDQJHV# LQ#HFRV\VWHP0OHYHO# LQWHUDFWLRQV# OLNH#QXWULHQW
F\FOLQJ# DQG# HQHUJ\# IORZV1# # ,Q# WKH# 8QLWHG# 6WDWHV/
DFLGLILFDWLRQ0UHODWHG#LQMXULHV#WR#DTXDWLF#HFRV\VWHPV#PD\
EH#PRUH# VLJQLILFDQW# WKDQ# LQMXULHV#RI# WHUUHVWULDO# VLWHV
+(3$/#4<<8D>#1$3$3#4<<4,1##

7KH#SUHGRPLQDQW#FDXVHV#RI#DFLGLF#SUHFLSLWDWLRQ#DUH
VXOIXULF# DQG#QLWULF# DFLG# ++ 62 # DQG#+12 ,1#7KHVH5 7 6
VWURQJ#PLQHUDO#DFLGV#DUH#IRUPHG#IURP#VXOIXU#GLR[LGH
+62 ,#DQG#QLWURJHQ#R[LGHV#+12 ,#LQ#WKH#DWPRVSKHUH5 [
+L1H1/#WKH\#DUH#VHFRQGDU\#SROOXWDQWV,1#6XOIXU#FRPSRXQGV
DUH#HPLWWHG#IURP#DQWKURSRJHQLF#VRXUFHV#LQ#WKH#IRUP
RI#VXOIXU#GLR[LGH#DQG/#WR#D#PXFK#OHVVHU#H[WHQW/#SULPDU\
VXOIDWHV/# SULQFLSDOO\# IURP# FRDO# DQG# UHVLGXDO0RLO
FRPEXVWLRQ#DQG#D#IHZ#LQGXVWULDO#SURFHVVHV1##6LQFH#WKH
ODWH# 4<93V# HOHFWULF# XWLOLWLHV# KDYH# EHHQ# WKH# PDMRU
FRQWULEXWRU#WR#62 #HPLVVLRQV#+1$3$3/#4<<4#S1#4:;,15
7KH# FRPEXVWLRQ# RI# IXHOV# LV# WKH# SULQFLSDO
DQWKURSRJHQLF# VRXUFH# RI# HPLVVLRQV# RI#12 1# 6XFK[
FRPEXVWLRQ#RFFXUV# LQ# LQWHUQDO#FRPEXVWLRQ#HQJLQHV/
UHVLGHQWLDO#DQG#FRPPHUFLDO#IXUQDFHV/#LQGXVWULDO#ERLOHUV/
HOHFWULF#XWLOLW\#ERLOHUV/#HQJLQHV/#DQG#RWKHU#PLVFHOODQHRXV
VRXUFHV1# #%HFDXVH#D# ODUJH#SRUWLRQ#RI#DQWKURSRJHQLF
12 #HPLVVLRQV#FRPH#IURP#WUDQVSRUWDWLRQ#VRXUFHV#+L1H1/[
QRQ0SRLQW# VRXUFH# SROOXWLRQ,/# 12 # VRXUFHV# DUH# RQ[
DYHUDJH#PRUH#GLVSHUVHG#FRPSDUHG#ZLWK#DQWKURSRJHQLF
VRXUFHV#RI#62 #+1$3$3/#4<<4/#S1#4;<,1##5

,Q#WKH#DWPRVSKHUH/#62 #DQG#12 #DUH#FRQYHUWHG#WR5 [
VXOIDWHV#DQG#QLWUDWHV/#WUDQVSRUWHG#RYHU#ORQJ#GLVWDQFHV/
DQG#GHSRVLWHG#RYHU# ODUJH# DUHDV#GRZQZLQG#RI#SRLQW
VRXUFHV#RU#LQ#WKH#YLFLQLW\#RI#XUEDQ#DUHDV1##'HSRVLWLRQ
RFFXUV#YLD# WKUHH#PDLQ#SDWKZD\V=# 4,#SUHFLSLWDWLRQ#RU
ZHW#GHSRVLWLRQ/#ZKHUH#PDWHULDO#LV#GLVVROYHG#LQ#UDLQ#RU
VQRZ>#5,#GU\#GHSRVLWLRQ/#LQYROYLQJ#GLUHFW#GHSRVLWLRQ#RI
JDVHV#DQG#SDUWLFOHV# +DHURVROV,#WR#DQ\#VXUIDFH>#DQG#6,
FORXG0ZDWHU#GHSRVLWLRQ/#LQYROYLQJ#PDWHULDO#GLVVROYHG
LQ#FORXG#GURSOHWV#WKDW#LV#GHSRVLWHG#ZKHQ#FORXG#RU#IRJ
GURSOHWV#DUH#LQWHUFHSWHG#E\#YHJHWDWLRQ#+1$3$3/#4<<4/
S1#4;4,1##

,QLWLDOO\/#LW#ZDV#WKRXJKW#WKDW#62 #HPLVVLRQV#ZHUH5
WKH#RQO\#VLJQLILFDQW#FRQWULEXWRU#WR#DFLGLF#GHSRVLWLRQ1
6XEVHTXHQWO\/#HPLVVLRQV#RI#62 #GHFOLQHG#VXEVWDQWLDOO\5
EHWZHHQ#4<:3#DQG#4<;;#GXH#WR#D#YDULHW\#RI#IDFWRUV/
LQFOXGLQJ#HPLVVLRQV#FRQWUROV#PDQGDWHG#E\#WKH##&OHDQ
$LU#$FW#DQG#FKDQJHV# LQ# LQGXVWULDO#SURFHVVHV#VXFK#DV
WKH#VZLWFK#RI#HOHFWULF#XWLOLW\#SODQWV#WR#FRDO#ZLWK#ORZHU
VXOIXU#FRQWHQW# +1$3$3/#4<<4/#S1#4<;,1#'XULQJ# WKLV
SHULRG/# WKH# UROH# RI# QLWURJHQ# GHSRVLWLRQ# DV# D
FRQWULEXWRU#WR#DTXDWLF#DFLGLILFDWLRQ#EHFDPH#DSSDUHQW1
:KLOH#LQLWLDO#HYLGHQFH#VXJJHVWHG#WKDW#PRVW#GHSRVLWHG
QLWURJHQ#ZRXOG#EH# WDNHQ#XS#E\#ELRWD/#PRUH# UHFHQW
UHVHDUFK#KDV#LQGLFDWHG#WKDW#QLWURJHQ#PD\#EH#OHDFKLQJ
IURP# WHUUHVWULDO# V\VWHPV# DQG# FDXVLQJ# DTXDWLF
DFLGLILFDWLRQ1##

&RPSUHKHQVLYH# UHVHDUFK# RQ# WKH# HFRORJLFDO
LPSDFWV#RI#DFLGLILFDWLRQ#LV#IRXQG#LQ#WKH#SXEOLFDWLRQV#RI
WKH#1DWLRQDO#$FLG#3UHFLSLWDWLRQ#$VVHVVPHQW#3URJUDP
DQG# (3$*V#$FLG#'HSRVLWLRQ# 6WDQGDUG# )HDVLELOLW\# 6WXG\
5HSRUW# WR#&RQJUHVV# +4<<8D,1# # ,Q# WKLV# DQDO\VLV#ZH# UHO\
KHDYLO\#XSRQ#WKH#H[WHQVLYH#UHVHDUFK#FRQGXFWHG#XQGHU
WKHVH#WZR#SURJUDPV1##

Nitrogen Deposition

$WPRVSKHULF#QLWURJHQ#GHSRVLWLRQ#WR#WHUUHVWULDO#DQG
DTXDWLF#HFRV\VWHPV#FDQ#FDXVH#GHOHWHULRXV#HFRORJLFDO
HIIHFWV#UDQJLQJ#IURP#HXWURSKLFDWLRQ#WR#DFLGLILFDWLRQ#+DV
GLVFXVVHG# DERYH,1# # 'HSRVLWLRQ# RI# QLWURJHQ# FDQ
VWLPXODWH# QLWURJHQ0XSWDNH# E\# SODQWV# DQG
PLFURRUJDQLVPV#DQG#LQFUHDVH#ELRORJLFDO#SURGXFWLYLW\
DQG# JURZWK1# #&KURQLF# GHSRVLWLRQ# RI# QLWURJHQ#PD\
DGYHUVHO\#DIIHFW#ELRJHRFKHPLFDO#F\FOHV#RI#ZDWHUVKHGV
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E\# SURJUHVVLYHO\# VDWXUDWLQJ# WHUUHVWULDO#SRUWLRQV#ZLWK WKH#1RUWKHDVW#++LQJD#HW#DO1#4<<4>#-DZRUVNL#HW#DO1#4<<:>
QLWURJHQ1##1LWURJHQ#VDWXUDWLRQ#LV#D#JUDGXDOO\#RFFXUULQJ 3DHUO# 4<<:># 3DHUO# HW# DO1# 4<<3># 0F0DKRQ# DQG
SURFHVV/#GXULQJ#ZKLFK#ZDWHUVKHGV#XQGHUJR#SURJUHVVLYH :RRGVLGH/# 4<<9>#5HQGHOO# HW# DO1# 4<<6>#9DOLHOD# HW# DO1
FKDQJHV#LQ#WKHLU#QLWURJHQ#F\FOH1##7KLV#SURFHVV#FDQ#OHDG 4<<:,1#$WPRVSKHULF#QLWURJHQ# LV#GHSRVLWHG#WR#ZDWHUV
WR# LQFUHDVHV# LQ#WKH#DPRXQW#RI#QLWURJHQ# OHDFKHG# LQWR DQG#ZDWHUVKHGV#LQ#ZHW#+UDLQ/#VQRZ/#DQG#IRJ,#DQG#GU\
ORZHU0HOHYDWLRQ#WHUUHVWULDO#HFRV\VWHPV/#ZHWODQGV#DQG/ +DHURVROV#DQG#JDVHV,#IRUPV1##$SSUR[LPDWHO\#43#WR#83
PRVW#QRWDEO\/#VXUIDFH#ZDWHUV#+6WRGGDUG/#4<<7>#$EHU#HW SHUFHQW# RI# WRWDO# QLWURJHQ# ORDG# WR# FRDVWDO#ZDWHUV# LV
DO1/#4<;<,1## GHULYHG# IURP# GLUHFW# DQG# LQGLUHFW# DWPRVSKHULF

$PRQJ#WKH#PRVW#SHUQLFLRXV#HIIHFWV#RI#QLWURJHQ WKRVH#GRZQZLQG#RI#XUEDQ#DUHDV#WHQG#WR#KDYH#D#ODUJHU
OHDFKLQJ# IURP# WHUUHVWULDO# HFRV\VWHPV# FDQ# EH SHUFHQWDJH#RI#WRWDO#QLWURJHQ#FRPLQJ#IURP#DWPRVSKHULF
DFLGLILFDWLRQ# RI# IUHVK# ZDWHU# ERGLHV# +DV# SUHYLRXVO\ GHSRVLWLRQ1##
GLVFXVVHG,# DQG# HXWURSKLFDWLRQ# RI# HVWXDULHV
+5LFKDUGVRQ/#4<<9>#9ROOZHLGHU#HW#DO1/#4<<3,1##6LPLODU#WR
WHUUHVWULDO#HFRV\VWHPV/#QLWURJHQ#HQULFKPHQW#RI#FRDVWDO
HVWXDULHV# FDQ# KDYH# D# IHUWLOL]LQJ# HIIHFW/# VWLPXODWLQJ
SURGXFWLYLW\# RI# DOJDH/# PDULQH# SODQWV# +9LWXVHN# DQG
+RZDUWK/# 4<<4,# DQG# DTXDWLF# DQLPDOV/# LQFOXGLQJ# ILVK
DQG#VKHOO#ILVK1##,I#HXWURSKLFDWLRQ#LV#H[FHVVLYH/#KRZHYHU/
LW# LV# OLNHO\# WR# UHVXOW# LQ# VHULRXV#GDPDJHV# WR#HVWXDULQH
HFRV\VWHPV1# #6SHFLILFDOO\/#PDVVLYH#DOJDH#EORRPV#FDQ
GHYHORS/# OHDGLQJ# WR#GHFOLQLQJ#R[\JHQ# OHYHOV/#KDELWDW
ORVV/#DQG#GHFOLQHV#LQ#ILVK#DQG#VKHOOILVK#SRSXODWLRQV1##

1LWURJHQ# ORDGLQJ# WR# HVWXDULHV# LV# D# PDMRU# DQG
JURZLQJ# SUREOHP1# # $# 4<<9# LQYHQWRU\# RI# HVWXDULQH
ZDWHU# TXDOLW\# SHUIRUPHG# E\# FRDVWDO# VWDWHV# DQG
HQFRPSDVVLQJ# :5# SHUFHQW# RI# HVWXDULHV# LQ# WKH# 8161
VKRZV#WKDW#QXWULHQW#HQULFKPHQW#SROOXWHV#9/587#VTXDUH
PLOHV# +55# SHUFHQW,# RI# WKH# VXUYH\HG# ZDWHUV/# DQG
FRQWULEXWHV# WR# 8:#SHUFHQW#RI# DOO# WKH# UHSRUWHG#ZDWHU
TXDOLW\# SUREOHPV1#$W# D# UHFHQW#PHHWLQJ# RI#1DWLRQDO
(VWXDU\#3URJUDP#GLUHFWRUV/#HOHYHQ#RXW#RI#WZHQW\0HLJKW
GLUHFWRUV#UDQNHG#QXWULHQW#RYHUORDGLQJ#DV#D#KLJK#SULRULW\
LVVXH# IRU# WKHLU# SURJUDPV/# DQG# VHYHQ# DGGLWLRQDO
GLUHFWRUV# UDQNHG# LW# DV# D# PLG0OHYHO# SULRULW\# +(3$/
4<<:E,1#(LJKW\0VL[#SHUFHQW#RI#(DVW#&RDVW#HVWXDULHV#DUH
FRQVLGHUHG#VXVFHSWLEOH#WR#QLWURJHQ#HQULFKPHQW#+(3$/
4<<:F,/#DQG#PDQ\#FRDVWDO#FRPPXQLWLHV#DUH#ILQGLQJ#WKDW
WKH#QXWULHQW#ORDGLQJ#SUREOHP#LV#DOUHDG\#VR#VHYHUH#WKDW
WKH\# PXVW# DGG# DGYDQFHG# ZDVWHZDWHU# WUHDWPHQW# WR
H[LVWLQJ#SODQWV/#DGG# LQIUDVWUXFWXUH#WR#SURPRWH#ZDWHU
UHXVH/#DQG#LPSRVH#VWULFWHU#FRQWUROV#RQ#DOO#GHYHORSPHQW
DQG#DJULFXOWXUDO#SUDFWLFHV#+(3$/#4<<:D,1##

$WPRVSKHULFDOO\# GHULYHG# QLWURJHQ# PDNHV# XS# D
VL]DEOH#IUDFWLRQ#RI#WRWDO#QLWURJHQ#LQSXWV#WR#HVWXDULHV#LQ

GHSRVLWLRQ1#(VWXDULHV#RQ# WKH# HDVWHUQ# VHDERDUG/# DQG

Hazardous Air Pollutant Deposition

+D]DUGRXV#DLU#SROOXWDQWV# ++$3V,/#DUH#D#JHQHUDO
FDWHJRU\#RI#WR[LF#VXEVWDQFHV#FRYHUHG#XQGHU#D#VLQJOH
WLWOH#RI#WKH#&OHDQ#$LU#$FW1##7LWOH#,,,#OLVWV#4;<#+$3V/
WKRXJK#RQO\#ILYH#DUH#UHVSRQVLEOH#IRU#WKH#PDMRULW\#RI
FXUUHQWO\# GRFXPHQWHG# HFRV\VWHP# LPSDFWV1# # 7KHVH
+$3V#DUH#PHUFXU\/#SRO\FKORULQDWHG#ELSKHQ\OV#+3&%V,/
FKORUGDQH/# GLR[LQV/# DQG# GLFKORURGLSKHQ\O0
WULFKORURHWKDQH# +''7,1# #7KH#XVH#RI# WKUHH#RI# WKHVH
FRPSRXQGV# +3&%V/# FKORUGDQH/# DQG# ''7,# ZDV
HIIHFWLYHO\# LOOHJDO# LQ# WKH#8QLWHG#6WDWHV#SULRU# WR#4<<3
+(3$# 4<<5,/# DQG# WKHUH# DUH# FXUUHQWO\# QR# SODQV# IRU
DGGLWLRQDO# &$$$# UHJXODWLRQV# RI# WKHVH# FRPSRXQGV
+)HGHUDO#5HJLVWHU#8QLILHG#$JHQGD#4<<;,1##(PLVVLRQV#RI
WKH# UHPDLQLQJ# WZR# WR[LQV/# PHUFXU\# DQG# GLR[LQV/
FRQWLQXH#WR#FDXVH#HFRV\VWHP#LPSDFWV1

0HUFXU\# ++J,# LV# D# WR[LF# HOHPHQW# IRXQG
XELTXLWRXVO\# WKURXJKRXW# WKH# HQYLURQPHQW1# 8QOLNH
PDQ\#+$3V/#PXFK#RI# WKH#PHUFXU\# UHOHDVHG# WR# WKH
HQYLURQPHQW# FRPHV# IURP# QDWXUDO# VRXUFHV1
$QWKURSRJHQLF#VRXUFHV#FDQ#DOVR#UHOHDVH#PHUFXU\#WR#WKH
HQYLURQPHQW1#(VWLPDWHV#RI#WKH#SHUFHQWDJH#RI#PHUFXU\
HPLVVLRQV#DWWULEXWDEOH#WR#DQWKURSRJHQLF#VRXUFHV#UDQJH
IURP#43#WR#;3#SHUFHQW#+0DVRQ#HW#DO1#4<<7/#+XGVRQ#HW
DO1#4<<8/#6WHLQ#HW#DO1#4<<9,/#DOWKRXJK#PRVW#HVWLPDWHV
FOXVWHU#EHWZHHQ#73#DQG#:8#SHUFHQW#+(3$#4<<:G,1##

$ERXW#;3#SHUFHQW#RI#DOO#DQWKURSRJHQLF#PHUFXU\
ORDGLQJV#WR#WKH#HQYLURQPHQW#DUH#IURP#DLU#HPLVVLRQV1
*OREDO#DWPRVSKHULF#FRQFHQWUDWLRQV#RI#PHUFXU\#KDYH
DSSUR[LPDWHO\# WULSOHG# VLQFH# SUH0LQGXVWULDO# WLPHV
+0DVRQ# HW# DO1# 4<<7,1# # $WPRVSKHULF# GHSRVLWLRQ# RI
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PHUFXU\#KDV#LQFUHDVHG#E\#D#IDFWRU#RI#DERXW#61:#+6ZDLQ 0HUFXU\#LV#OLNHO\#WR#SHUVLVW#DW#OHYHOV#RI#FRQFHUQ#LQ
HW# DO1# 4<<5,/# DQG# WKH# FRQFHQWUDWLRQ# RI#PHUFXU\# LQ HFRV\VWHPV# IRU# VRPH# WLPH1# # 7KH# PDMRULW\# RI
VHGLPHQWV#LQ#UHPRWH#ODNHV#KDV#LQFUHDVHG#E\#D#IDFWRU#RI DWPRVSKHULFDOO\0UHOHDVHG# PHUFXU\# LV# GHSRVLWHG# WR
516#+/XFRWWH#HW#DO1#4<<8,1##7KHVH#ILQGLQJV#VXJJHVW#WKDW WHUUHVWULDO# HQYLURQPHQWV/# ZKHUH# LW# LV# ODUJHO\
DSSUR[LPDWHO\# 8:# WR# :6# SHUFHQW# RI# DWPRVSKHULFDOO\ VHTXHVWHUHG1# #+RZHYHU/# DV#PHUFXU\# DFFXPXODWHV# LQ
GHSRVLWHG#PHUFXU\#LV#DQWKURSRJHQLF#LQ#RULJLQ1## VRLOV/#VRPH#DPRXQW#+OHVV#WKDQ#63#SHUFHQW#RI#WKDW#ZKLFK

$WPRVSKHULF# GHSRVLWLRQ# RI# PHUFXU\# DQG# LWV WR#IUHVKZDWHU#ERGLHV#DQG#RFHDQV1#0RGHOLQJ#HIIRUWV#E\
VXEVHTXHQW#PRYHPHQW#LQ#HFRV\VWHPV#PD\#UHVXOW#LQ#WKH 6ZDLQ# HW# DO1# +4<<5/# UHYLHZHG# LQ#0DVRQ# HW# DO1# 4<<7,
FRQFHQWUDWLRQ# RI# PHUFXU\# ZLWKLQ# RUJDQLVPV VXJJHVW#WKDW#WKH#UHWHQWLRQ#RI#PHUFXU\#E\#VRPH#ODNHV#LV
+%ELRDFFXPXODWLRQ%,# DQG# LWV# VXEVHTXHQW# WUDQVIHU HVVHQWLDOO\#FRPSOHWH1#6WXGLHV#E\#0DVRQ#HW#DO1# +4<<7,
WKURXJKRXW# WKH# IRRG# FKDLQ1# # $V# D# FRQVHTXHQFH/ SUHGLFWHG#WKDW#HOLPLQDWLRQ#RI#DQWKURSRJHQLF#PHUFXU\
PHUFXU\# WHQGV# WR# DFFXPXODWH# DORQJ# WKH#KLHUDUFKLFDO SUHVHQWO\#LQ#WKH#RFHDQV#DQG#LQ#WKH#DWPRVSKHUH#ZRXOG
RUJDQL]DWLRQ# RI# IRRG# ZHEV/# ZLWK# LQFUHDVLQJ WDNH#48#WR#53#\HDUV#DIWHU#WKH#FRPSOHWH#WHUPLQDWLRQ#RI
FRQFHQWUDWLRQV#IRXQG#LQ#DQLPDOV#DW#KLJKHU#OHYHOV#RI#WKH DOO# DQWKURSRJHQLF#HPLVVLRQV1# #%HFDXVH#RI#PHUFXU\*V
IRRG# FKDLQ# +%ELRPDJQLILFDWLRQ%,1# # )LVK/# ELUGV# DQG SHUVLVWHQFH#LQ#WHUUHVWULDO#DQG#DTXDWLF#HQYLURQPHQWV/#LW
PDPPDOV#DUH#DPRQJ# WKH#JURXS#RI#RUJDQLVPV#PRVW ZLOO# SUREDEO\# WDNH# VRPH# WLPH# IRU# UHGXFWLRQV# LQ
WKUHDWHQHG# E\# PHUFXU\# FRQWDPLQDWLRQ# RI# WKH PHUFXU\#HPLVVLRQV#WR#EH#QRWDEOH#LQ#HFRV\VWHPV#+6ZDLQ
HQYLURQPHQW1##6\PSWRPV#PD\#UDQJH#IURP#EHKDYLRUDO HW#DO1#4<<5/#UHYLHZHG#LQ#0DVRQ#HW#DO1#4<<7,1##
DEQRUPDOLWLHV# WR# UHGXFHG# UHSURGXFWLYH# VXFFHVV# DQG
GHDWK#+(3$/#4<<:G,1##,Q#4<<9/#PHUFXU\#OHYHOV#LQ#ILVK 7KH#RWKHU#+$3V#RI#FRQFHUQ#DUH#SRO\FKORULQDWHG
ZHUH#KLJK#HQRXJK#WKDW#44#VWDWHV#KDG#PHUFXU\0EDVHG GLEHQ]R0S0GLR[LQV# +3&''V,/# D# JURXS# RI# :8
VWDWHZLGH#ILVK#FRQVXPSWLRQ#DGYLVRULHV1##7ZHQW\0HLJKW RUJDQRFKORULQH# FRPSRXQGV# WKDW# DUH# VRPHWLPHV
PRUH# KDG# DW# OHDVW# RQH#ZDWHU# ERG\# XQGHU# DGYLVRU\ UHIHUUHG#WR#DV#GLR[LQV1##7KH#PRVW#WR[LF#PHPEHU#RI#WKLV
EHFDXVH#RI#PHUFXU\# FRQFHUQV1# #7KHVH#REVHUYDWLRQV JURXS#LV#5/6/:/;0WHWUDFKORURGLEHQ]R0S0GLR[LQ#+7&'',1
VXJJHVW# WKDW# DWPRVSKHULF# PHUFXU\# GHSRVLWLRQ# PD\ %HFDXVH#7&''#LV#WKH#PRVW#WR[LF#GLR[LQ/#WKH#WR[LFLW\
FRQWULEXWH#VLJQLILFDQWO\#WR#PHUFXU\#OHYHOV#LQ#IUHVKZDWHU RI# D# GLR[LQ#PL[WXUH# LV#RIWHQ# H[SUHVVHG# DV# WKH# WR[LF
HFRV\VWHPV#QDWLRQDOO\1## HTXLYDOHQF\# +7(4,# RI# VRPH# DPRXQW# RI# 7&''1

0HUFXU\#LV#D#QHXURWR[LQ#WKDW/#DW#VXIILFLHQW#OHYHOV/ FKHPLFDO# UHODWLYHV# RI# 3&''V1# # %RWK# FODVVHV# RI
FDQ# FDXVH# QHXURORJLF# GDPDJH# DQG# GHDWK# LQ# ERWK FRPSRXQGV#DUH#SURGXFHG#E\#WKH#VDPH#SURFHVVHV/#DQG
DQLPDOV# DQG# KXPDQV1# # $GYHUVH# HIIHFWV# RQ# ZLOGOLIH ERWK#DUH#XELTXLWRXV#LQ#WKH#HQYLURQPHQW#+:+2#4<;<,1
LQFOXGH# QHXURWR[LFLW\/# UHSURGXFWLYH/# DQG 7(4#HVWLPDWHV#DUH#RIWHQ#JLYHQ#MRLQWO\#IRU#GLR[LQV#DQG
GHYHORSPHQWDO#HIIHFWV#+(3$#4<<:G,1##:KLOH#ILVK#DUH IXUDQV1##
XQOLNHO\# WR# H[SHULHQFH# WR[LF# HIIHFWV# IURP# PHUFXU\
SRLVRQLQJ# LQ# WKH# DEVHQFH# RI# SRLQW# GLVFKDUJHV/ 'LR[LQV# DQG# IXUDQV/# XQOLNH# PHUFXU\/# DUH# QRW
SLVFLYRURXV# SUHGDWRUV# DQG# SUHGDWRUV# ZKR# HDW QDWXUDO#WR#WKH#HQYLURQPHQW1##7KH\#DUH#IRUPHG#GXULQJ
SLVFLYRUHV#DFFXPXODWH#PRUH#PHUFXU\#DQG#PD\#VXIIHU WKH#FRPEXVWLRQ#RI#ZDVWHV#DQG#IRVVLO#IXHOV/#DQG#DV#D
IURP#PHUFXU\#SRLVRQLQJ1###+RZHYHU/#WKH#RQO\#VSHFLHV FRQVHTXHQFH#RI#ILUHV#RU#VSLOOV#WKDW#LQYROYH#SDUWLFXODU
IRU# ZKLFK# WKHUH# LV# FXUUHQWO\# VWURQJ# HYLGHQFH# RI FKHPLFDOV# OLNH# EHQ]HQHV# RU# 3&%V1# # 7KH\# DUH# DOVR
SRLVRQLQJ#IURP#DWPRVSKHULF#PHUFXU\#DUH#WKH#FRPPRQ IRUPHG#DV#E\0SURGXFWV#LQ#ERWK#WKH#PDQXIDFWXULQJ#RI
ORRQ#DQG#SRVVLEO\#WKH#)ORULGD#SDQWKHU1##,W#LV#XQFOHDU RWKHU#FKHPLFDOV#DQG#LQ#SXOS#DQG#SDSHU#PLOO#EOHDFKLQJ
ZKHWKHU#RWKHU#SLVFLYRURXV#VSHFLHV/#VXFK#DV#NLQJILVKHUV/ SURFHVVHV#+:+2#4<;</#(3$#4<<5D,1###(3$#HVWLPDWHV
PLQN/#DQG#ULYHU#RWWHUV/#KDYH#VXIIHUHG#DGYHUVH#KHDOWK WKDW#FRPEXVWLRQ#VRXUFHV#HPLW#RYHU#WHQ#WLPHV#DV#PDQ\
HIIHFWV# DV# D# FRQVHTXHQFH# RI# DWPRVSKHULF# PHUFXU\ 7(4V#DV#GLG#DOO#RWKHU#FDWHJRULHV#FRPELQHG1##
GHSRVLWLRQ#+(3$#4<<:G,1##

LV#GHSRVLWHG#ZLWKLQ#D#ZDWHUVKHG,#ZLOO#EH#VORZO\#UHOHDVHG

3RO\FKORULQDWHG# GLEHQ]RIXUDQV# +3&')V,# DUH# FORVH
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'LR[LQV# DFFXPXODWH# LQ# WKH# IDW# RI# DQLPDOV# DQG LQ#DTXDWLF#VHGLPHQWV#+:HEVWHU#DQG#&RPPRQHU#4<<3,1
ELRDFFXPXODWH#WKURXJK#IRRG#FKDLQV1##)LVK#DUH#DPRQJ )RU#H[DPSOH/#-RKQVRQ#HW#DO1#+4<<9,#IRXQG#WKDW/#WKRXJK
WKH#PRVW#VHQVLWLYH#YHUWHEUDWHV#WR#WKH#HIIHFWV#RI#7&''/ 7&''#OHYHOV#LQ#ILVK#DQG#VHGLPHQWV#IURP#DQ#$UNDQVDV
HVSHFLDOO\#GXULQJ#HDUO\#OLIH#VWDJHV1##)LVK#DUH#H[SRVHG#WR ULYHU# GHFOLQHG# VLJQLILFDQWO\# GXULQJ# WKH# 45# \HDUV
GLR[LQV#SULPDULO\#WKURXJK#WKHLU#IRRG#+(3$#4<<6,/#EXW IROORZLQJ#WKH#LQLWLDO#SROOXWLRQ#RI#WKH#ULYHU/#ILVK#IURP
VRPH#VWXGLHV#KDYH#UHSRUWHG#WKDW#WKH\#FDQ#DOVR#DEVRUE VRPH# ORFDWLRQV#FRQWLQXHG# WR#KDYH# OHYHOV#RI#7&''
WKH#WUDFH#DPRXQWV#RI#GLR[LQV#SUHVHQW#LQ#ZDWHU1#(3$ WKDW#H[FHHGHG#)RRG#DQG#'UXJ#$GPLQLVWUDWLRQ#+)'$,
+4<<5,#UHSRUWHG#ELRFRQFHQWUDWLRQ#IDFWRUV#+%&)V, #IRU JXLGHOLQHV1# 7&''# LV# VXEMHFW# WR# SKRWRFKHPLFDO5

GLR[LQV# LQ# ILVK#RI# 8/333# WR# </333/# DQG#(3$# +4<<6, GHJUDGDWLRQ/#EXW# VLQFH# WKH#SHQHWUDWLRQ#RI# OLJKW# LQWR
HVWLPDWHG# WKDW# ELRDFFXPXODWLRQ# IDFWRUV# +%$)V,# IRU VRLOV#DQG#PDQ\#QDWXUDO#ZDWHU#ERGLHV# LV# OLPLWHG/# WKLV
ODNH# WURXW# FDQ# EH# RQ# WKH# RUGHU# RI# 833/333# WR GHJUDGDWLRQ# LV# QRW# OLNHO\# WR# EH# HQYLURQPHQWDOO\
4/533/3331 # # 7R[LF# HIIHFWV# RQ# \RXQJ# ILVK# LQFOXGH VLJQLILFDQW# +:+2# 4<;</# =RRN# DQG# 5DSSH# 4<<3,16

GHFUHDVHG# IHHGLQJ/# ZHLJKW# ORVV/# DQG# ILQ# QHFURVLV> %HFDXVH# RI# GLR[LQV*# WR[LFLW\# DQG# SHUVLVWHQFH/# WKHLU
KRZHYHU/#ZLWK#D#IHZ#H[FHSWLRQV/#7&''#OHYHOV#LQ#WKH SUHVHQFH# LQ#IUHVKZDWHU#HFRV\VWHPV# LV# OLNHO\#WR#EH#DQ
HQYLURQPHQW#DUH#JHQHUDOO\#WRR#ORZ#WR#UHVXOW#LQ#WR[LFLW\ LVVXH#RI#FRQFHUQ#IRU#GHFDGHV1##
WR# MXYHQLOH# RU# DGXOW# ILVK# +(3$# 4<<6/#:DONHU# DQG
3HWHUVRQ#4<<7,1##

7KH# ULVN# WKDW# GLR[LQV# SRVH# WR# RWKHU#ZLOGOLIH# LV
GLIILFXOW#WR#DVVHVV#EHFDXVH#ERWK# ODERUDWRU\#DQG#ILHOG
VWXGLHV#LQ#WKLV#DUHD#DUH#OLPLWHG#+(3$#4<<6/#*LHVH\#HW#DO1
4<<7,1##2QH#VWXG\#+:KLWH#HW#DO1#4<<7,#IRXQG#WKDW#ZRRG
GXFN# HJJV# IURP# D# FRQWDPLQDWHG# DUHD# KDG# OHYHOV# RI
3&''V#DQG#3&')V# 83# WLPHV#KLJKHU# WKDQ# OHYHOV# LQ
FRQWURO# HJJV1# # 7KH# FRQWDPLQDWHG# QHVWV# ZHUH
VLJQLILFDQWO\# OHVV# VXFFHVVIXO# WKDQ# FRQWURO#QHVWV/# DQG
FRQWDPLQDWHG#GXFNOLQJV#DOVR#VXIIHUHG#IURP#WHUDWRJHQLF
HIIHFWV1##

7&''# LV# DQ# H[WUHPHO\# VWDEOH# FKHPLFDO# DQG# LV
XQOLNHO\# WR#EH#VLJQLILFDQWO\#GHJUDGHG#E\#FKHPLFDO#RU
ELRORJLFDO# K\GURO\VLV# XQGHU# QRUPDO# HQYLURQPHQWDO
FRQGLWLRQV1##,WV#KDOI0OLIH#LQ#VRLOV#PD\#EH#RQ#WKH#RUGHU#RI
D#GHFDGH#RU#PRUH/#DQG#LW#PD\#EH#HYHQ#PRUH#SHUVLVWHQW

Tropospheric Ozone

2]RQH# SROOXWLRQ# LV# ZLGHVSUHDG# LQ# WKH# HDVWHUQ
8QLWHG# 6WDWHV/# LQ# VRXWKHUQ# &DOLIRUQLD/# DQG# LQ# WKH
YLFLQLW\#RI#PRVW#PDMRU#FLWLHV1##0DQ\#RI#WKH#REVHUYHG
HIIHFWV#RI#R]RQH#RQ#YHJHWDWLRQ#DUH#UHODWHG# WR#GLUHFW
WR[LF# RU# KDUPIXO# LQWHUDFWLRQV# ZLWK# HVVHQWLDO
SK\VLRORJLFDO# IXQFWLRQV# RI# SODQWV# DQG# VXEVHTXHQW
UHGXFWLRQV#LQ#ELRPDVV#SURGXFWLRQ#+UHGXFHG#JURZWK,1
'DPDJHV#WR#SODQWV#DUH#FRPPRQO\#PDQLIHVWHG#DV#VWUHVV
VSHFLILF# V\PSWRPV# VXFK# DV# QHFURWLF# VSRWV# RI# SODQW
OHDYHV/# DFFHOHUDWLRQ# RI# OHDI# DJLQJ/# DQG# UHGXFHG
SKRWRV\QWKHVLV1#2]RQH# GDPDJHV# DW# WKH# FRPPXQLW\
DQG# HFRV\VWHP0OHYHO# YDU\# ZLGHO\# GHSHQGLQJ# XSRQ
QXPHURXV# IDFWRUV/# LQFOXGLQJ# FRQFHQWUDWLRQ# DQG
WHPSRUDO# YDULDWLRQ# RI# WURSRVSKHULF# R]RQH/# VSHFLHV
FRPSRVLWLRQ/#VRLO#SURSHUWLHV#DQG#FOLPDWLF#IDFWRUV1##,Q
PRVW# LQVWDQFHV/# UHVSRQVHV# WR# FKURQLF# RU# UHFXUUHQW
H[SRVXUH# DUH# VXEWOH# DQG# QRW# REVHUYDEOH# IRU#PDQ\
\HDUV1# # 7KHVH# LQMXULHV# FDQ# FDXVH# VWDQG0OHYHO# IRUHVW
GHFOLQH#LQ#VHQVLWLYH#HFRV\VWHPV#+(3$/#4<<9>#0F%ULGH
HW#DO1/#4<;8>#0LOOHU#HW#DO1/#4<;5,1##

6SHFLHV#WKDW#DUH#SDUWLFXODUO\#VHQVLWLYH#WR#R]RQH#FDQ
EH#IRXQG#DPRQJ#DOO#JURXSV#RI#SODQWV1##$OWKRXJK#PDQ\
YLVLEOH#LQMXULHV#KDYH#RFFXUUHG#LQ#FRQLIHU#VSHFLHV#+H1J1/
3RQGHURVD#DQG#-HIIUH\#SLQH,/#D#YDULHW\#RI#GHFLGXRXV
WUHHV#DQG#VKUXEV#DUH#DOVR#VHQVLWLYH#WR#R]RQH1# #%ODFN
FKHUU\/#PDQ\#SRSODUV#+JHQXV#3RSXOXV,#DQG#PDQ\#IUXLW
WUHHV#LQFOXGLQJ#DOPRQG#+3UXQXV#DP\JGDOLV#%DWVFK,/#SHDFK
+3UXQXV#SHUVLFD,/#DQG#SOXP#+3UXQXV#GRPHVWLFD,#WUHHV#DUH#DOO

%LRFRQFHQWUDWLRQ# IDFWRUV# +%&)V,# DUH# FDOFXODWHG# EDVHG# RQ5

ODERUDWRU\#H[SHULPHQWV1# #%&)V# UHSUHVHQW# WKH# UDWLR#EHWZHHQ# WKH
FKHPLFDO*V#FRQFHQWUDWLRQ#LQ#WKH#RUJDQLVP#WR#LWV#FRQFHQWUDWLRQ#LQ#WKH
ZDWHU/#EXW#XQOLNH#ELRDFFXPXODWLRQ#IDFWRUV#+%$)V,/#WKH\#PHDVXUH
RQO\# KRZ#PXFK# RI# D# FKHPLFDO# DQ# RUJDQLVP# DFFXPXODWHV# DV# D
FRQVHTXHQFH#RI#LWV#H[SRVXUH#WR#FRQWDPLQDWHG#ZDWHU1##%&)V#GR#QRW
PHDVXUH# FRQWDPLQDQW# XSWDNH# DV# D# IXQFWLRQ# RI# H[SRVXUH# WR
FRQWDPLQDWHG#IRRG#RU#VHGLPHQWV#+(3$#4<<6,1#

%HFDXVH# GLR[LQV# KDYH# VXFK# ORZ# VROXELOLW\/# DFFXUDWHO\6

PHDVXULQJ#WKHLU#FRQFHQWUDWLRQV#LQ#ZDWHU#LV#H[WUHPHO\#GLIILFXOW1##)RU
WKLV# UHDVRQ/#DQ\# UHSRUWHG#%&)V#DQG#%$)V# VKRXOG#EH#H[DPLQHG
FDUHIXOO\1
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DIIHFWHG#E\#HOHYDWHG#OHYHOV#RI#R]RQH#+(3$#4<<9D,1##,Q 1HYDGD#0RXQWDLQV# KDYH# EHHQ# RFFXUULQJ# IRU#PDQ\
DQQXDO#VSHFLHV/#HIIHFWV#RI#R]RQH#RQ#SURGXFWLRQ#RFFXU \HDUV/#EXW#LQMXU\#WR#VHQVLWLYH#WUHHV#KDV#QHYHU#UHDFKHG
WKURXJK#FKDQJHV# LQ#DOORFDWLRQ#RI#FDUERK\GUDWHV#DQG WKH#VDPH#SURSRUWLRQV#DV#LQ#WKH#6DQ#%HUQDUGLQR#)RUHVW1
FDQ#UHVXOW#LQ#UHGXFHG#VHHG#SURGXFWLRQ1##0DQ\#DQQXDO 6LJQLILFDQW# GLIIHUHQFHV# LQ# ERWK# WKH# IRUHVW# VWDQG
SODQW#VSHFLHV/#LQFOXGLQJ#FRPPHUFLDO#FURSV/#DUH#DPRQJ FRPSRVLWLRQ#+H1J1/#WKH#SUHVHQFH#RI#IHZHU#FRQLIHUV#DQG
WKH#PRVW#VHQVLWLYH#VSHFLHV1##7KH#1DWLRQDO#&URS#/RVV PRUH#KDUGZRRGV,/#DQG#VLWH#G\QDPLFV#KDYH#SUREDEO\
$VVHVVPHQW#1HWZRUN# +1&/$1# 4<;;,/# D#PXOWL0\HDU SOD\HG#DQ#LPSRUWDQW#UROH#LQ#GHWHUPLQLQJ#WKH#GLIIHUHQW
SURJUDP#RI#WKH#(3$/#HVWDEOLVKHG#WKDW#DPELHQW#R]RQH HFRV\VWHP#UHVSRQVHV1##
OHYHOV# FDXVH# SK\VLFDO# GDPDJHV# WR# FURS# SODQWV# DQG
VWDWLVWLFDOO\#VLJQLILFDQW#UHGXFWLRQV#LQ#DJULFXOWXUDO#\LHOGV1 ,Q# HDFK# RI# WKHVH# DUHDV/# R]RQH# PD\# DFW

(FRV\VWHPV# ZLWK# NQRZQ# GDPDJHV# WKDW# DUH IXUWKHU#GDPDJHV#WR#YHJHWDWLRQ1##,Q#WKH#HDVWHUQ#8QLWHG
DWWULEXWHG# WR# R]RQH# LQFOXGH# WKH# 6DQ# %HUQDUGLQR 6WDWHV/# IRU# H[DPSOH/# UHJLRQDOO\# HOHYDWHG# OHYHOV# RI
0RXQWDLQV#RI#6RXWKHUQ#&DOLIRUQLD/#WKH#6LHUUD#1HYDGD WURSRVSKHULF# R]RQH# FR0RFFXU#ZLWK# KLJK# GHSRVLWLRQ
0RXQWDLQV/# DQG# VLWHV# LQ# WKH# YLFLQLW\#RI#XUEDQ# DUHDV UDWHV#RI#QLWURJHQ/# VXOIXU#DQG#DFLGV1# #7KHVH#PXOWLSOH
WKURXJKRXW#WKH#FRXQWU\1##$FFRUGLQJ#WR#(3$#+4<<9D,/ VWUHVV#IDFWRUV#PD\#KDYH#DFWHG#V\QHUJLVWLFDOO\#LQ#LQMXULQJ
WKH#6DQ#%HUQDUGLQR#0RXQWDLQ#UDQJH#LV#E\#IDU#WKH#PRVW PDQ\#KLJK#HOHYDWLRQ# IRUHVWV# WKURXJKRXW# WKH#HDVWHUQ
VHYHUHO\# R]RQH0LPSDFWHG# HFRV\VWHP1# # 7KLV 8QLWHG#6WDWHV1##
PL[HG0FRQLIHU#IRUHVW#HFRV\VWHP#KDV#EHHQ#H[SRVHG#WR
FKURQLFDOO\#HOHYDWHG#R]RQH#OHYHOV#RYHU#D#SHULRG#RI#83
RU#PRUH#\HDUV1##7KLV#H[SRVXUH#KDV#UHVXOWHG#LQ#PDMRU
FKDQJHV#RI#HFRV\VWHP#FKDUDFWHULVWLFV/#LQFOXGLQJ#VSHFLHV
FRPSRVLWLRQ/#QXWULHQW#F\FOLQJ#DQG#HQHUJ\#IORZ1##7KH
ILUVW#LQGLFDWLRQV#RI#R]RQH#GDPDJHV#WR#WKH#HFRV\VWHP
ZHUH#REVHUYHG#RQ#WKH#PRUH#VHQVLWLYH#PHPEHUV#RI#WKH
IRUHVW#FRPPXQLW\=# LQGLYLGXDO#3RQGHURVD#DQG#-HIIUH\
SLQHV1##'LUHFW#LQMXULHV#LQFOXGHG#YLVLEOH#IROLDU#GDPDJH/
SUHPDWXUH#QHHGOH#VHQHVFHQFH/#UHGXFHG#SKRWRV\QWKHVLV/
DOWHUHG# FDUERQ# DOORFDWLRQ/# DQG# UHGXFWLRQ# RI# JURZWK
UDWHV#DQG#UHSURGXFWLYH#VXFFHVV1##&KDQJHV#LQ#WKH#HQHUJ\
DYDLODEOH# WR# WUHHV# +L1H1/# FKDQJHV# LQ# FDUERK\GUDWH
SURGXFWLRQ# DQG# DOORFDWLRQ,# LQIOXHQFHG# LQWHUDFWLRQV
ZLWK# SUHGDWRUV/# SDWKRJHQV# DQG# V\PELRQWV1
6XEVHTXHQWO\/# WKH# DFFXPXODWLRQ# RI#ZHDNHQHG# WUHHV
UHVXOWHG#LQ#KHDY\#EDUN#EHHWOH#DWWDFN#WKDW#VLJQLILFDQWO\
HOHYDWHG#PRUWDOLW\#UDWHV#DQG#H[WHQVLYH#VDOYDJH#ORJJLQJ
GXULQJ# WKH# 4<93V# DQG# 4<:3V# +0LOOHU# DQG#0F%ULGH/
4<<;,1##$OWHUDWLRQV#LQ#WKH#FRPSRVLWLRQ#DQG#SRSXODWLRQ
GHQVLW\# RI# WKH# IXQJDO# PLFURIORUD# ZHDNHQHG# VRLO
PLFURELDO# RUJDQLVPV# DQG# VORZHG# WKH# UDWH# RI
GHFRPSRVLWLRQ/#OHDGLQJ#WR#WKH#DFFXPXODWLRQ#RI#D#WKLFN
QHHGOH#OD\HU#XQGHU#VWDQGV#ZLWK#WKH#PRVW#VHYHUH#QHHGOH
LQMXULHV#DQG#GHIROLDWLRQ1##5HGXFHG#SURGXFWLRQ#RI#VHHGV
DQG#IUXLWV#DOVR#DIIHFWHG#WKH#DPRXQW#RI#IRRG#DYDLODEOH
WR#VPDOO#YHUWHEUDWHV#LQ#WKH#HFRV\VWHP/#WKHUHE\#DIIHFWLQJ
WKH# ORFDO#IRRG#FKDLQ#+(3$#4<<9D,1# #6LPLODUO\/#R]RQH
FRQFHQWUDWLRQV#FDSDEOH#RI#FDXVLQJ#LQMXU\#WR#WKH#6LHUUD

V\QHUJLVWLFDOO\# ZLWK# RWKHU# VWUHVV# IDFWRUV# WR# LQGXFH

Multiple Stresses and Patterns of
Exposure

$OWKRXJK# DLU# SROOXWDQWV# FDQ# EH# JURXSHG# LQWR
FODVVHV#DFFRUGLQJ#WR#WKHLU#HIIHFWV/#DV#GHVFULEHG#DERYH/
LW# LV# UHFRJQL]HG# WKDW#RQH#SROOXWDQW# +RU#RQH# FODVV#RI
SROOXWDQWV,#GRHV#QRW#VROHO\#LPSDFW#PRVW#HFRV\VWHPV1
0DQ\# HQYLURQPHQWDO#GDPDJHV# DUH# WKH# UHVXOW#RI# WKH
FRPELQHG#DFWLRQ#RI#PXOWLSOH#VWUHVV#IDFWRUV/#LQFOXGLQJ
VHYHUDO#W\SHV#RI#DLU#SROOXWLRQ#DQG#RWKHU#DQWKURSRJHQLF
RU#QDWXUDO#VWUHVV#IDFWRUV1##

7KH#UHFRJQLWLRQ#RI#LQWHUDFWLRQV#EHWZHHQ#VHYHUDO
W\SHV#RI#SROOXWDQWV#DQG#EHWZHHQ#SROOXWDQWV#DQG#RWKHU
NLQGV# RI# VWUHVV# KDV# LQWURGXFHG# D# QHZ# OHYHO# RI
FRPSOH[LW\#LQ#DLU#SROOXWLRQ#UHVHDUFK1###,Q#PDQ\#FDVHV/
YDULRXV# VWUHVV# IDFWRUV# DFW# V\QHUJLVWLFDOO\# WR# LQGXFH
GDPDJHV#WR#HFRV\VWHPV1##7KHVH#PXOWLSOH#VWUHVV#IDFWRUV
FDQ# LQFOXGH=#+4,#YDULRXV#NLQGV#RI#DLU#SROOXWDQWV#+H1J1/
DFLGLF#GHSRVLWLRQ/#R]RQH#DQG#QLWURJHQ#GHSRVLWLRQ,>#+5,
RWKHU#DQWKURSRJHQLF#VWUHVV#IDFWRUV#VXFK#DV#KDUYHVWLQJ/
RYHUILVKLQJ#RU#KDELWDW#GLVUXSWLRQ#+H1J1/#WKH#GLVUXSWLRQ
RI# HFRV\VWHPV# E\# URDGV# RU# XUEDQ# DUHDV,># +6,
HQYLURQPHQWDO#IDFWRUV#LQFOXGLQJ#DYDLODELOLW\#RI#ZDWHU/
QXWULHQWV/# OLJKW/#RU# WHPSHUDWXUH# +LQFOXGLQJ#KHDW# DQG
IURVW,># DQG# +7,# ELRORJLFDO# IDFWRUV# VXFK# DV# DQLPDOV
IHHGLQJ# RQ# SODQWV/# SDWKRJHQV/# DQG# WKH# VWDWXV# RI
PLFUR0RUJDQLVPV# LQ# WKH# VRLO# +7D\ORU# HW# DO1/# 4<<7>
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:LQQHU/#4<<7>#6PLWK/#4<<3,1##,Q#WKH#HDVWHUQ#86/#IRU EH#PRUH#VHYHUH#+FRPSDUHG#WR#H[SRVXUH#WR#WKH#VDPH
H[DPSOH/#HOHYDWHG#GHSRVLWLRQ#UDWHV#RI#QLWURJHQ/#VXOIXU OHYHO#RI#R]RQH#DW#QLJKW,#EHFDXVH#XSWDNH#RI#R]RQH# LV
DQG#DFLGV#FR0RFFXU#ZLWK#UHJLRQDOO\#HOHYDWHG#OHYHOV#RI RIWHQ#KLJKHU#GXULQJ# WKH#GD\# +(3$/# 4<<9D,1# #6SDWLDO
WURSRVSKHULF#R]RQH#DQG#FOLPDWLF#VWUHVV#IDFWRUV1## SDWWHUQV# LQFOXGH#SUR[LPLW\#RI#HFRV\VWHPV#WR#YDULRXV

,Q# DGGLWLRQ/# DLU#SROOXWDQWV#KDYH# LQGLUHFW# HIIHFWV VRXUFH0UHFHSWRU#UHODWLRQVKLSV#EHWZHHQ#HFRV\VWHPV#DQG
WKDW#DUH#DW#OHDVW#DV#LPSRUWDQW#DV#GLUHFW#WR[LF#HIIHFWV#RQ SROOXWLRQ#VRXUFHV#+7D\ORU#HW#DO1/#4<<7,1##)RU#H[DPSOH/
OLYLQJ# RUJDQLVPV1# # ,QGLUHFW# HIIHFWV# LQFOXGH# WKRVH# LQ WKH# GHSRVLWLRQ# RI# PRVW# SROOXWDQWV# RFFXUV# DIWHU
ZKLFK#WKH#SROOXWDQWV+V,#DOWHU#WKH#SK\VLFDO#RU#FKHPLFDO ORQJ0UDQJH# DWPRVSKHULF# WUDQVSRUW/# ZLWK# GHSRVLWLRQ
HQYLURQPHQW#+H1J1/#VRLO#SURSHUWLHV,#WKH#SODQW*V#DELOLW\#WR UDWHV#GHSHQGLQJ#XSRQ#FOLPDWH/#ODQG0XVH#DQG#JHRORJ\1
FRPSHWH#IRU#OLPLWHG#UHVRXUFHV#+H1J1/#ZDWHU/#OLJKW,/#RU#LWV
DELOLW\#WR#ZLWKVWDQG#SHVWV#RU#SDWKRJHQV1##([DPSOHV#DUH
H[FHVVLYH#DYDLODELOLW\#RI#QLWURJHQ/#VRLO#GHSOHWLRQ#FDXVHG
E\# DFLGLF# GHSRVLWLRQ/# DQG# FKDQJHV# LQ# WKH# DELOLW\# WR
DGDSW# WR# FROG# WHPSHUDWXUHV# LQGXFHG# E\# DFLGLF
GHSRVLWLRQ# +7D\ORU# HW# DO1/# 4<<7># 1$3$3/# 4<<4,1
8QIRUWXQDWHO\/# IHZ# PHFKDQLVPV# RI# LQWHUDFWLRQV
EHWZHHQ# YDULRXV# VWUHVV# IDFWRUV# DUH# NQRZQ/# DQG
LQWHUSUHWDWLRQV# RI# VFLHQWLILF# ILQGLQJV# DUH# XVXDOO\
DVVRFLDWHG#ZLWK#D#KLJK#GHJUHH#RI#XQFHUWDLQW\1##

7KH#VLWXDWLRQ# LV#IXUWKHU#FRPSOLFDWHG#E\#WKH#IDFW
WKDW# WKH# VSHFLILF# WHPSRUDO# DQG# VSDWLDO# SDWWHUQV# RI
SROOXWDQW# H[SRVXUHV# SOD\# D# VLJQLILFDQW# UROH# LQ# WKH
UHVSRQVH# RI# RUJDQLVPV# DQG# HFRV\VWHPV# WR# DLU
SROOXWLRQ1##7HPSRUDO#SDWWHUQV#LQFOXGH#WLPLQJ/#GXUDWLRQ
DQG# SDWWHUQV# RI# UHFXUUHQW# H[SRVXUH# WR# D# VSHFLILF
SROOXWDQW#RU#SROOXWDQWV1##)RU#H[DPSOH/#SODQW#UHVSRQVH
WR#SHDN#FRQFHQWUDWLRQV#RI#R]RQH#GXULQJ#GD\OLJKW#FDQ

SROOXWLRQ# VRXUFHV# DQG# WKH# LGHQWLILFDWLRQ# RI# VSHFLILF

Summary of Ecological Impacts from Air
Pollutants Regulated by the CAAA

:H#VXPPDUL]H#PDMRU#H[DPSOHV#RI#DLU#SROOXWLRQ
LQWHUDFWLRQV# ZLWK# YDULRXV# OHYHOV# RI# ELRORJLFDO
RUJDQL]DWLRQ#LQ#7DEOH#(05#WKURXJK#(071##:H#RUJDQL]H
WKHVH# LQWHUDFWLRQV#DFFRUGLQJ#WR#FODVVHV#RI#SROOXWDQWV
DQG#LQMXULHV#WKH\#FDXVH/#WKH#YDULRXV#OHYHOV#RI#ELRORJLFDO
V\VWHPV/# DQG# W\SHV# RI# DIIHFWHG# HFRV\VWHPV1# # ,W# LV
LPSRUWDQW#WR#QRWH#WKDW#LQWHUDFWLRQV#OLVWHG#DUH#LQWHQGHG
WR# LOOXVWUDWH# WKH# UDQJH# RI# SRVVLEOH# DGYHUVH# HIIHFWV1
7KHVH# HIIHFWV# DUH# H[DPSOHV# IRU# D# ZLGH# YDULHW\# RI
LQWHUDFWLRQV# EXW# GR# QRW# FRYHU# DOO# DVSHFWV# RI# DLU
SROOXWLRQ0HQYLURQPHQW#LQWHUDFWLRQV1
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Table E-2
Interactions Between Acid Deposition and Natural Systems
At Various Levels of Organization

Examples of Interactions
Spatial Acidification of Streams
Scale Type of Interaction Acidification of Forests and Lakes

Molecular Chemical and Damages to epidermal layers and Decreases in pH and increases
and cellular biochemical processes cells of plants through deposition in aluminum ions cause

of acids. pathological changes in
structure of gill tissue in fish.

Individual Direct physiological Increased loss of nutrients via Hydrogen and aluminum ions in
response foliar leaching.  the water column impair

regulation of body ions.
Indirect effects:  Death Cation depletion in the soil Aluminum ions in the water
due to ionoregulatory causes nutrient deficiencies in column can be toxic to many
failure.  Acidification can plants.  Concentrations of aquatic organisms through
indirectly affect response aluminum ions in soils can reach impairment of gill regulation. 
to altered environmental phytotoxic levels.  Increased Acidification can indirectly
factors or alterations of sensitivity to  other stress factors affect submerged plant species,
the individual's ability to like pathogens and frost.  because it reduces the
cope with other kinds of availability of dissolved carbon
stress. dioxide (CO ).2

Population Change of population Decrease of biological Decrease of biological
characteristics like productivity of sensitive productivity of sensitive
productivity or mortality organisms.  Selection for less organisms.  Selection for less
rates. sensitive individuals. sensitive individuals. 

Microevolution of resistance. Microevolution of resistance.
Community Changes of community Alteration of competitive patterns. Alteration of competitive

structure and competitive Selective advantage for acid- patterns.  Selective advantage
patterns resistant species.  Loss of acid for acid-resistant species.  Loss

sensitive species and individuals. of acid sensitive species and
Decrease in productivity. individuals.  Decrease in
Decrease of species richness and productivity.  Decrease of
diversity. species richness and diversity.

Local Changes in nutrient Progressive depletion of nutrient Measurable declines of
Ecosystem cycle, hydrological cycle, cations in the soil.  Increase in the decomposition of some forms
(e.g., and energy flow of lakes, concentration of mobile aluminum of organic matter, potentially
landscape wetlands, forests, ions in the soil.  resulting in decreased rates of
element) grasslands, etc. nutrient cycling.
Regional Biogeochemical cycles Leaching of sulfate, nitrate, Additional acidification of
Ecosystem within a watershed. aluminum, and calcium to aquatic systems through
(e.g., Region-wide alterations streams and lakes.  Acidification processes in terrestrial sites
watershed) of biodiversity. of aquatic bodies. within the watershed. 
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Table E-3
Interactions Between Nitrogen Deposition and Natural Systems
At Various Levels of Organization

Examples of Interactions

Spatial
Scale Type of Interaction

Eutrophication and Nitrogen
Saturation of  Terrestrial Eutrophication of Coastal

Landscapes Estuaries

Molecular Chemical and biochemical Assimilation of nitrogen by Assimilation of nitrogen by
and cellular processes plants and microorganisms plants and microorganisms.  

Individual Direct physiological Increases in leaf- size of Increase in growth of marine
response.  terrestrial plants. plants.

Indirect effects: Response Decreased resistance to biotic Injuries to marine fauna through
to altered environmental and abiotic stress factors like oxygen depletion of the
factors or alterations of the pathogens and frost.  Disruption environment.  Loss of physical
individual's ability to cope of plant-symbiont relationships habitat due to loss of sea-grass
with other kinds of stress. with mycorrhiza fungi. beds.  Injury through increased

shading.  Toxic blooms of
plankton.  

Population Change of population Increase in biological Increase in biological
characteristics like productivity and growth rates of productivity.  Increase of growth
productivity or mortality some species. rates (esp.  of algae and marine
rates. plants).   

Community Changes of community Alteration of competitive Excessive algal growth.  
structure and competitive patterns.  Selective advantage Changes in species
patterns for fast growing species and composition.  Decrease in sea-

individuals that efficiently use grass beds.
additional nitrogen.  Loss of
species adapted to nitrogen-
poor environments.

Local Changes in nutrient cycle, Magnification of the Magnification of the nitrogen
Ecosystem hydrological cycle, and biogeochemical nitrogen cycle. cycle.  Depletion of oxygen,
(e.g., energy flow of lakes, Progressive saturation of increased shading through
landscape wetlands, forests, microorganisms, soils, and algal growth.   
element) grasslands, etc. plants with nitrogen.

Regional Biogeochemical cycles Leaching of nitrogen from Additional input  of nitrogen
Ecosystem within a watershed. Region- terrestrial sites to streams and from nitrogen-saturated
(e.g., wide alterations of lakes.  Acidification of aquatic terrestrial sites within the
watershed) biodiversity. bodies.  Eutrophication of watershed. 

estuaries.

Note: See Overview of Ecological Impacts of Air Pollutants Regulated by the 1990 Clean Air Act Amendments (IEc 1998) for
sources.
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Table E-4
Interactions of Mercury and Ozone with Natural Systems
At Various Levels of Organization

Examples of Interactions

Spatial Mercury in streams
Scale  and lakes OzoneType of Interaction

Molecular Chemical and Mercury enters the body of Oxidation of enzymes of
and cellular biochemical processes vertebrates and binds to sulfhydril plants.  Disruption of the

groups (i.e.  proteins). membrane potential.

Individual Direct physiological Neurological effects in vertebrates. Direct injuries include visible
response.  Behavioral abnormalities.  Damages foliar damage, premature

to the liver.  needle senescence, reduced
photosynthesis, altered
carbon allocation, and
reduction of growth rates and
reproductive success.   

Indirect effects: Few interactions known.  Increased sensitivity to biotic
Response to altered Damages through increased and abiotic stress factors like 
environmental factors or sensitivity to other environmental pathogens and frost.  
alterations of the stress factors could occur, for Disruption of  plant-symbiont
individual's ability to example, through impairment of relationship (mychorrhizae),
cope with other kinds of immune response.  and symbionts.
stress.

Population Change of population Reduced reproductive success of fish Reduced biological
characteristics like and bird species.  Increased mortality productivity.  Selection for
productivity or mortality rates, especially in earlier life stages. less sensitive individuals. 
rates. Possibly microevolution for

ozone resistance.  

Community Changes of community Loss of species diversity of benthic Alteration of competitive
structure and invertebrates. patterns.  Selective
competitive patterns advantage for ozone-

resistant species.  Loss of
ozone sensitive species and
individuals.  Reduction in
productivity.  

Local Changes in nutrient Not well understood.  Alterations of ecosystem-
Ecosystem cycle, hydrological wide patterns of energy flow
(e.g.,landsc cycle, and energy flow of and nutrient cycling.   
ape lakes, wetlands, forests,
element) grasslands, etc.

Regional Biogeochemical cycles Not well understood.  Region-wide loss of sensitive
Ecosystem within a watershed. species.  
(e.g., Region-wide alterations
watershed) of biodiversity.
Note: See Overview of Ecological Impacts of Air Pollutants Regulated by the 1990 Clean Air Act Amendments (IEc 1998) for
sources.
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3UHGLFWLQJ#HFRORJLFDO# LPSDFWV#RI#DLU#SROOXWLRQ#DW HFRV\VWHPV/# DQG# DFFXPXODWH# LQ
WKH#UHJLRQDO#VFDOH#RU#IRU#WKH#8QLWHG#6WDWHV#DV#D#ZKROH ELRJHRFKHPLFDO# F\FOHV1# # 7KHVH# SROOXWDQWV
ZRXOG# UHTXLUH# DQ# XQGHUVWDQGLQJ# RI# LQWHUDFWLRQV# DW LQFOXGH/#EXW#DUH#QRW#OLPLWHG#WR/#K\GURJHQ#LRQV
PDQ\# WHPSRUDO# DQG# VSDWLDO# VFDOHV/# ZKHUH# WKHUH# LV ++.,/#VXOIXU#+6,#DQG#QLWURJHQ#+1,#FRQWDLQLQJ
FXUUHQWO\#D#JHQHUDO#ODFN#RI#GDWD1##)XUWKHUPRUH/#WKHUH#LV VXEVWDQFHV/# DQG# PHUFXU\# ++J,1# # &KURQLF
OLPLWHG#WUDQVIHUDELOLW\#RI#H[LVWLQJ#LQIRUPDWLRQ#EHWZHHQ GHSRVLWLRQ#RI#WKHVH#SROOXWDQWV/#FDQ#UHVXOW#LQ
YDULRXV# VSDWLDO# DQG# WHPSRUDO# VFDOHV# DQG# EHWZHHQ SURJUHVVLYH# LQFUHDVHV# LQ#FRQFHQWUDWLRQV#DQG
JHRJUDSKLF# UHJLRQV1#+RZHYHU/#ZH#FDQ# UHDFK# VHYHUDO FDXVH# LQMXULHV# GXH# WR# FXPXODWLYH# HIIHFWV1
JHQHUDO#FRQFOXVLRQV/#EDVHG#RQ#WKH#H[LVWLQJ#OLWHUDWXUH1 ,QGLUHFW/# FXPXODWLYH# GDPDJHV# FDXVHG# E\

& $OWKRXJK#DPELHQW#FRQFHQWUDWLRQV#RI#PRVW#DLU
SROOXWDQWV# VLJQLILFDQWO\# GHFUHDVHG# DIWHU# WKH
&OHDQ#$LU#$FW#RI#4<:3/#VRPH#SROOXWDQWV#VWLOO
RFFXU# LQ# FRQFHQWUDWLRQV# KLJK# HQRXJK# WR
GLUHFWO\#LQMXUH#OLYLQJ#RUJDQLVPV1#7KHVH#GLUHFW
LQMXULHV#FDQ#EH#REVHUYHG/#IRU#H[DPSOH/#LQ#DUHDV
ZLWK# KLJK# DPELHQW# OHYHOV# RI# WURSRVSKHULF
R]RQH#RU#LQ#VRPH#KLJK0HOHYDWLRQ#HFRV\VWHPV
WKDW# DUH# H[SRVHG# WR# KLJK# OHYHOV# RI# DFLG
GHSRVLWLRQ#+(3$/#4<<9D>#1$3$3/#4<<4,1#

& $LU#SROOXWDQWV#KDYH#LQGLUHFW#HIIHFWV#WKDW#DUH#DW
OHDVW#DV# LPSRUWDQW#DV#GLUHFW#WR[LF#HIIHFWV#RQ
OLYLQJ# RUJDQLVPV1# # ,QGLUHFW# HIIHFWV# LQFOXGH
WKRVH# LQ# ZKLFK# WKH# SROOXWDQW# DOWHUV# WKH
SK\VLFDO#RU#FKHPLFDO#HQYLURQPHQW# +H1J1/#VRLO
SURSHUWLHV,/#WKH#SODQW*V#DELOLW\#WR#FRPSHWH#IRU
OLPLWHG# UHVRXUFHV# +H1J1/#ZDWHU/# OLJKW,/#RU# WKH
SODQW*V# DELOLW\# WR# ZLWKVWDQG# SHVWV# RU
SDWKRJHQV1# # ([DPSOHV# DUH# H[FHVVLYH
DYDLODELOLW\#RI#QLWURJHQ/#GHSOHWLRQ#RI#QXWULHQW
FDWLRQV# LQ# WKH# VRLO# E\# DFLG# GHSRVLWLRQ/
PRELOL]DWLRQ# RI# WR[LF# HOHPHQWV# VXFK# DV
DOXPLQXP/#DQG#FKDQJHV# LQ#ZLQWHU#KDUGLQHVV
+7D\ORU# HW# DO1/# 4<<7,1# #$V# LV# WUXH# IRU# RWKHU
FRPSOH[# LQWHUDFWLRQV/# LQGLUHFW# HIIHFWV# DUH
PRUH# GLIILFXOW# WR#REVHUYH# WKDQ# GLUHFW# WR[LF
UHODWLRQVKLSV#EHWZHHQ#DLU#SROOXWDQWV#DQG#ELRWD/
DQG#WKHUH#PD\#EH#D#YDULHW\#RI#LQWHUDFWLRQV#WKDW
KDYH#QRW#\HW#EHHQ#GHWHFWHG1

& 7KHUH#LV#D#JURXS#RI#SROOXWDQWV#WKDW#WHQG#WR#EH
FRQVHUYHG# LQ# WKH# ODQGVFDSH# DIWHU# WKH\#KDYH
EHHQ# GHSRVLWHG# WR# HFRV\VWHPV1# # 7KHVH
FRQVHUYHG#SROOXWDQWV#DUH#WUDQVIRUPHG#WKURXJK
ELRWLF# DQG# DELRWLF# SURFHVVHV# ZLWKLQ

FKURQLF#H[SRVXUH# +L1H1/# ORQJ0WHUP/#PRGHUDWH
FRQFHQWUDWLRQV,# WR# WKHVH# SROOXWDQWV# PD\
LQFUHDVH# LQ#PDJQLWXGH#RYHU# WLPH# IUDPHV#RI
GHFDGHV#RU#FHQWXULHV#ZLWK#YHU\#VXEWOH#DQQXDO
LQFUHPHQWV# RI# FKDQJH1# # ([DPSOHV# DUH
10VDWXUDWLRQ#RI#WHUUHVWULDO#HFRV\VWHPV/#FDWLRQ
GHSOHWLRQ# RI# WHUUHVWULDO# HFRV\VWHPV/
DFLGLILFDWLRQ# RI# VWUHDPV# DQG# ODNHV/# DQG
DFFXPXODWLRQ# RI#PHUFXU\# # LQ# DTXDWLF# IRRG
ZHEV#+3LWHOND#4<<7>#7D\ORU#HW#DO1#4<<7>#/LNHQV
HW#DO1#4<<9>#(3$#4<<:H,1

& 'DPDJHV# WR# HFRV\VWHPV# DUH# PRVW# OLNHO\
FDXVHG#E\#D#FRPELQDWLRQ#RI#HQYLURQPHQWDO
VWUHVV#IDFWRUV#ZLWK#HYHU\#LQWHUDFWLYH#VWUHVV#RU
HOVH# KDYH# D# PHFKDQLVWLF# PRGHO# WKDW
LQFRUSRUDWHV# LQWHUDFWLRQV#DPRQJ#SROOXWDQWV1
8QIRUWXQDWHO\# QHLWKHU# DSSURDFK# LV# \HW
SRVVLEOH1# # 7KHVH# LQFOXGH# DQWKURSRJHQLF
IDFWRUV# VXFK# DV# DLU# SROOXWLRQ# DQG# RWKHU
HQYLURQPHQWDO# VWUHVV# IDFWRUV# VXFK# DV# ORZ
WHPSHUDWXUH/# H[FHVV# RU# OLPLWHG# ZDWHU/# DQG
OLPLWHG#DYDLODELOLW\#RI#QXWULHQWV1##7KH#VSHFLILF
FRPELQDWLRQV#RI#IDFWRUV#GLIIHU#DPRQJ#UHJLRQV
DQG# HFRV\VWHPV# ZKHUH# GHFOLQHV# KDYH# EHHQ
REVHUYHG#+7D\ORU#HW#DO1/#4<<7>#:LQQHU/#4<<7>
6PLWK/# 4<<3,1# # 7R# DFFXUDWHO\# SUHGLFW# WKH
LPSDFWV#RI#PXOWLSOH#DFWLQJ#VWUHVV#IDFWRUV#ZH
ZRXOG#KDYH#WR#EXLOG#D#FDWDORJXH#RI#UHVHDUFK
UHVXOWV# WKDW# GHILQHV# WKH# UHVSRQVH# RI# HYHU\
SODQW#VSHFLHV#WR#HYHU\#DLU#SROOXWDQW/#ZLWK#HYHU\
LQWHUDFWLYH#VWUHVV#RU#HOVH#KDYH#D#PHFKDQLVWLF
PRGHO#WKDW#LQFRUSRUDWHV#LQWHUDFWLRQV#DPRQJ
SROOXWDQWV1##8QIRUWXQDWHO\#QHLWKHU#DSSURDFK#LV
\HW#SRVVLEOH1##
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& 3ROOXWDQW0HQYLURQPHQW# LQWHUDFWLRQV# DUH WR# HFRV\VWHP# VWUXFWXUH# DQG# IXQFWLRQ/# LW# PD\# EH
FRPSOLFDWHG#E\#WKH#IDFW#WKDW#ELRWLF#DQG#DELRWLF FRQFOXGHG#WKDW#WKH#HFRORJLFDO#EHQHILWV#RI#DLU#SROOXWLRQ
IDFWRUV# LQ# HFRV\VWHPV# FKDQJH# GUDPDWLFDOO\ FRQWURO#OLH#LQ#WKH#SUHYHQWLRQ#RI#ORQJ0WHUP#GDPDJHV#WR
RYHU# WLPH1# #%HVLGHV# RVFLOODWLRQV# RQ# D# GDLO\ UHVRXUFHV# DQG# WKH# SRWHQWLDO# IRU# LQFUHDVHG# UHFRYHU\
EDVLV/#DQG#FKDQJHV#LQ#D#VHDVRQDO#UK\WKP/#ORQJ UDWHV/#DV#ZHOO#DV# WKH#PRUH# WUDGLWLRQDO#SUHYHQWLRQ#RI
UDQJH#VXFFHVVLRQDO#FKDQJHV#RFFXU#RYHU#WLPH DFXWH#LQMXULHV1##%HFDXVH#LW#LV#QRW#\HW#SRVVLEOH#WR#SUHGLFW
SHULRGV#RI#\HDUV/#GHFDGHV/#RU#HYHQ#FHQWXULHV1 ZKDW# ORQJ0WHUP/# FRQWLQXRXV# H[SRVXUH# WR# PXOWLSOH
7KHVH#WHPSRUDO#YDULDWLRQV#RFFXU#LQ#SROOXWHG SROOXWDQWV# PLJKW# GR# WR# HFRV\VWHP# VWUXFWXUH# DQG
DQG#SULVWLQH#HFRV\VWHPV/#DQG#QR#VLQJOH#SRLQW IXQFWLRQ/# LW# PD\# EH# SUXGHQW# WR# IRFXV# RQ# WKH
LQ# WLPH# RU# VSDFH# FDQ# EH# GHILQHG# DV SUHYHQWLRQ# RI# SRVVLEOH# ORQJ0WHUP# GDPDJHV# WR
UHSUHVHQWDWLYH#RI#WKH#HQWLUH#V\VWHP1## UHVRXUFHV# DQG# SUHVHUYH# WKH# SRWHQWLDO# IRU# LQFUHDVHG

/RQJ0WHUP# LPSDFWV# RI# DLU# SROOXWLRQ# DUH# RIWHQ
PDQLIHVWHG#LQ#LQWHUDFWLRQV#DW#WKH#UHJLRQDO#VFDOH1##7KH
KLVWRU\# RI# OHDG# SROOXWLRQ# PD\# SURYLGH# D# XVHIXO
LOOXVWUDWLRQ# RI# LPSDFWV# RI# DLU# SROOXWLRQ# ORQJ# DIWHU
GHSRVLWLRQ# UDWHV# KDYH# GHFOLQHG# VLJQLILFDQWO\# GXH# WR
HQYLURQPHQWDO# UHJXODWLRQV1# # +LVWRULFDOO\/# VFLHQWLVWV
ZHUH#FRQFHUQHG#DERXW#OHDG#GHSRVLWLRQ#EHFDXVH#RI#LWV
KLJK# DIILQLW\# WR# VRLO# RUJDQLF# PDWWHU# DQG# LWV
DFFXPXODWLRQ# LQ# WKH# OLWWHU# OD\HUV#RI# VRLOV1# # #6WDUWLQJ
DURXQG#4<93/#OHDG#DFFXPXODWHG#LQ#IRUHVW#VRLOV#LQ#WKH
QRUWKHDVWHUQ# 8QLWHG# 6WDWHV# DV# D# UHVXOW# RI# KXPDQ
DFWLYLWLHV1# # )ROORZLQJ# D# VLJQLILFDQW# GHFOLQH# RI
FRPEXVWLRQ# RI# OHDGHG# JDVROLQH# EHWZHHQ# 4<:3# DQG
4<;;/#GHSRVLWLRQ#UDWHV#GURSSHG/#DQG#GHFUHDVHV#LQ#OHDG
OHYHOV# LQ# VRLOV# DQG# ULYHUV# KDYH# EHHQ# REVHUYHG
WKURXJKRXW# WKH# 8QLWHG# 6WDWHV1# # $SSDUHQWO\# IRUHVW
IORRUV#KDYH#UHVSRQGHG#UDSLGO\#WR#WKH#GHFOLQH#RI#OHDG
LQSXW/#DQG# LQVWHDG#RI#DFFXPXODWLQJ# OHDG/#IRUHVW#VRLOV
DUH#QRZ#VORZO\#UHOHDVLQJ#OHDG#WR#WKH#XQGHUO\LQJ#PLQHUDO
KRUL]RQ1##,W##KDV#EHHQ#HVWLPDWHG#WKDW#VRPHWLPH#LQ#WKH
PLGGOH#RI#WKH#QH[W#FHQWXU\/#IRUHVWV#ZLOO#EHJLQ#WR#UHOHDVH
DQWKURSRJHQLF#OHDG#GHSRVLWHG#DIWHU#4<93#WR#ULYHUV#DQG
VWUHDPV# +0LOOHU# DQG#)ULHGODQG/# 4<<7,/#ZKHUH# LW#PD\
FDXVH#XQIRUHVHHQ#GDPDJHV#WR#DTXDWLF#HFRV\VWHPV1#

# 7KHUH#LV#HYLGHQFH#WKDW#FXUUHQW#DLU#SROOXWLRQ#LV#DQ
LPSRUWDQW#HQYLURQPHQWDO#VWUHVV#IDFWRU#RYHU#ODUJH#DUHDV
RI# WKH# 8QLWHG# 6WDWHV# DQG# RWKHU# FRXQWULHV/# HYHQ# LI
HIIHFWV#KDYH#QRW#\HW#EHHQ#IXOO\#GRFXPHQWHG1##$FWLRQV
WDNHQ# QRZ# WR# UHGXFH# DLU# HPLVVLRQV# PD\# KDYH
FRQVHTXHQFHV# IDU# LQWR# WKH# IXWXUH# DQG# PD\# DIIHFW
HFRV\VWHPV#LQ#ZD\V#WKDW#DUH#QRW#\HW#NQRZQ1##%HFDXVH
LW# LV# QRW# \HW# SRVVLEOH# WR# SUHGLFW# ZKDW# ORQJ0WHUP/
FRQWLQXRXV#H[SRVXUH#WR#PXOWLSOH#SROOXWDQWV#PLJKW#GR

UHFRYHU\#UDWHV/#DV#ZHOO#DV#SUHYHQWLQJ#PRUH#WUDGLWLRQDO
DFXWH#LQMXUHV#WR#HFRV\VWHPV1

Methodological Overview

,Q# WKLV# VHFWLRQ# ZH# GHVFULEH# WKH# PHWKRGV# IRU
FKDUDFWHUL]LQJ# WKH# HFRQRPLF# EHQHILWV# RI# UHGXFLQJ
VHYHUDO# FODVVHV# RI# HFRORJLFDO# LPSDFWV# WKURXJK# WKH
UHJXODWLRQV# RI# WKH# &$$$1# # $V# LQGLFDWHG# LQ# WKH
SUHYLRXV#VHFWLRQ/#LW#LV#QRW#SRVVLEOH#WR#FKDUDFWHUL]H#DQG
TXDQWLI\# DOO# LPSDFWV# DVVRFLDWHG# ZLWK# DLU# SROOXWLRQ1
,QVWHDG/# ZH# VHOHFW# WKRVH# LPSDFWV# DPHQDEOH# WR
TXDQWLWDWLYH#DQDO\VLV/#XVLQJ#WZR#FULWHULD=

&ULWHULRQ#&4=#7KH#HQGSRLQW#PXVW#EH#DQ#LGHQWLILDEOH#VHUYLFH
IORZ

&ULWHULRQ# &5=# $# GHIHQVLEOH# OLQN# PXVW# H[LVW# EHWZHHQ
FKDQJHV# LQ# DLU# SROOXWLRQ# HPLVVLRQV# DQG# WKH# TXDOLW\# RU
TXDQWLW\# RI# WKH# HFRORJLFDO# VHUYLFH# IORZ/# DQG# TXDQWLWDWLYH
PRGHOV#PXVW#EH#DYDLODEOH#WR#PRQHWL]H#WKHVH#FKDQJHV

7KH#XVH#RI# WKHVH# FULWHULD#JUHDWO\# FRQVWUDLQV# WKH
UDQJH#RI#LPSDFWV#WKDW#FDQ#EH#WUHDWHG#LQ#WKLV#DQDO\VLV1
:KLOH#WKH#SUHYLRXV#VHFWLRQ#LGHQWLILHV#PDQ\#SROOXWDQW0
HFRV\VWHP#LQWHUDFWLRQV/#RQO\#D#KDQGIXO#DUH#XQGHUVWRRG
DQG# KDYH# EHHQ#PRGHOHG# WR# DQ# H[WHQW# VXIILFLHQW# WR
UHOLDEO\#TXDQWLI\#WKHLU#LPSDFW1##:H#DWWHPSW#WR#SUHVHQW
ERWK#UHOLDEOH#TXDQWLWDWLYH# LQIRUPDWLRQ#UHJDUGLQJ# WKH
EHQHILWV# RI# WKH# &$$$# ZKLOH# GHPRQVWUDWLQJ# WKH
SRWHQWLDO#PDJQLWXGH#RI#WKH#HFRORJLFDO#EHQHILWV#RI#WKH
&$$$# LI#DOO# LPSDFWV#ZHUH#YDOXHG1# #$#PRUH#GHWDLOHG
GHVFULSWLRQ#RI# WKH# FKRLFH#RI# HQGSRLQWV# LV# IRXQG# LQ
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0HWKRGV# IRU# 6HOHFWLQJ# 0RQHWL]DEOH# %HQHILWV# 'HULYHG# IURP IURP# HQYLURQPHQWDO# UHJXODWLRQV# LQ# DQ# DQDO\VLV# RI
(FRORJLFDO#5HVRXUFHV#DV#D#5HVXOW#RI#$LU#4XDOLW\#,PSURYHPHQWV QDWLRQDO#VFRSH1
$WWULEXWDEOH# WR# WKH# 4<<3# &OHDQ# $LU# $FW# $PHQGPHQWV/
4<<305343# +,(F# 4<<;E,# DQG# &KDUDFWHUL]LQJ# (FRQRPLF
%HQHILWV# RI# 5HGXFLQJ# ,PSDFWV# WR# (FRV\VWHP# ,QWHJULW\# +,(F
4<<;F,1

Using Service Flow Endpoints for
Valuation

7KH# WKHRUHWLFDO# EDVLV# RI# HFRQRPLF# EHQHILWV
DVVHVVPHQW# LV# WKDW# HFRV\VWHPV# SURYLGH# VHUYLFHV# WR
KXPDQNLQG/#DQG# WKDW# WKRVH#VHUYLFHV#KDYH#HFRQRPLF
YDOXH1# #7KH# DSSOLFDWLRQ# RI# WKLV# WKHRU\# UHTXLUHV# WKH
LVRODWLRQ#RI#VHUYLFH#IORZV#WKDW#KDYH#PDUNHW#YDOXHV#RU
DUH# RWKHUZLVH# DPHQDEOH# WR# DYDLODEOH# PHWKRGV# IRU
GHWHUPLQLQJ#YDOXH#LQ#WKH#DEVHQFH#RI#IRUPDO#PDUNHWV1
)UHHPDQ# +4<<:,#SURYLGHV#RQH#SRVVLEOH#JURXSLQJ#RI
HFRORJLFDO#VHUYLFH#IORZV=

& 6RXUFHV#RI#PDWHULDO# LQSXWV#WR#WKH#HFRQRP\/
LQFOXGLQJ# IRVVLO# IXHOV/# ZRRG# SURGXFWV/
PLQHUDOV/#ZDWHU/#DQG#DQLPDOV>

& /LIH#VXSSRUW#VHUYLFHV/#LQFOXGLQJ#EUHDWKDEOH#DLU
DQG#D#OLYDEOH#FOLPDWH>

& $PHQLWLHV# WKDW# SURYLGH# RSSRUWXQLWLHV# IRU
DFWLYH# UHFUHDWLRQ# DQG#SDVVLYH# HQMR\PHQW#RI
QDWXUH/#LQFOXGLQJ#QRQXVH#YDOXHV>#DQG

& 3URFHVVLQJ# RI# ZDVWH# SURGXFWV# WKDW# DUH
JHQHUDWHG# E\# HFRQRPLF# DFWLYLW\# DQG
GLVFKDUJHG#LQWR#WKH#HQYLURQPHQW1

$YDLODEOH# PHWKRGV# GR# QRW# H[LVW# WR
FRPSUHKHQVLYHO\#YDOXH#HDFK#RI#WKHVH#VHUYLFH#IORZV#IRU
DOO# HFRV\VWHPV1# #*HQHUDOO\/#ZH# DUH# OLPLWHG# WR# WKRVH
VHUYLFH#IORZV#WKDW#HLWKHU#DUH#VRXUFHV#RI#PDWHULDO#LQSXWV
RU# QDWXUDO# DPHQLWLHV# WKDW# LQYROYH# DFWLYH# UHFUHDWLRQ1
,PSDFWV#WR#WKHVH#VHUYLFH#IORZV#WKDW#FDQ#EH#YDOXHG#WHQG
WR#PDQLIHVW#WKHPVHOYHV#LPPHGLDWHO\#DQG#FDQ#EH#UHDGLO\
PHDVXUHG#DQG#DVVHVVHG#LQ#WHUPV#RI#WKH#SURYHQ#FDXVH
DQG# HIIHFW# UHODWLRQVKLSV1# #7KH# UHVXOW# LV# WKDW#ZH# FDQ
YDOXH#RQO\#D#VPDOO#VXEVHW#RI# WKH#HFRV\VWHP#EHQHILWV

%DVHG#RQ#WKH#FRQVWUDLQWV#RI#HFRQRPLF#YDOXDWLRQ
PHWKRGV# DQG# GDWD/# ZH# VHOHFW# IURP# WKH# KRVW# RI
HFRV\VWHP#LPSDFWV#LGHQWLILHG#LQ#WKH#SUHYLRXV#VHFWLRQ
D# VHW# RI# VHUYLFH# IORZV# DV# FDQGLGDWH# HQGSRLQWV# IRU
DQDO\VLV1##7KHVH#HQGSRLQWV#DUH#OLVWHG#LQ#7DEOH#(081
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Table E-5
Ecological Impacts with Identifiable Human Service Flows

Pollutant Class Ecosystem Effect Service Flow Impacted
Acidification (H SO , High-elevation forest acidification resulting in Forest aesthetics2 4

HNO ) dieback3

Freshwater acidification resulting in aquatic
organism (e.g. fish) population decline

Changes in biological diversity and species mix in
terrestrial and aquatic systems

Recreational fishing

Existence value for maintenance of
biological diversity

Nitrogen Saturation Freshwater acidification resulting in aquatic Recreational fishing
and Eutrophication organism (e.g. fish) population decline
(NO )x

Estuarine eutrophication causing oxygen depletion
and changes in nutrient cycling

Changes in biological diversity and species mix in
terrestrial and aquatic systems

Recreational and commercial
fishing

Existence value for maintenance of
biological diversity

Toxics Deposition Terrestrial bioaccumulation of mercury and dioxin Hunting, wildlife aesthetics
(Mercury, Dioxin)

Aquatic bioaccumulation of mercury and dioxin Recreational and commercial

Changes in biological diversity and species mix in Existence value for maintenance of
terrestrial and aquatic systems biological diversity

fishing

Tropospheric Ozone Terrestrial plant foliar damage causing lower Commercial timber productivity,
(O ) productivity and reduced competitiveness forest aesthetics, existence value3

Multiple Pollutant Ecosystem deterioration resulting in visual effects, Ecosystem aesthetics, ecosystem
Stress habitat loss, and changes in biological diversity and existence value 

species mix caused by synergistic action of several
pollutants

Defensible Links and Quantitative
Modeling Requirements #

7KH# VHFRQG# FULWHULRQ# IRU# HQGSRLQW# VHOHFWLRQ# LV
VDWLVILHG#ZKHQ#FRPSOHWH#GDWD#DQG#PRGHO#FRYHUDJH#LV
DYDLODEOH#WR#GHVFULEH#WKH#LPSDFWV#RI#DLU#SROOXWDQWV1##:H
EULHIO\#GHVFULEH#WKH#W\SHV#RI#GDWD#DQG#PRGHOV#QHFHVVDU\
WR#DFFRPSOLVK#TXDQWLWDWLYH#EHQHILWV#DVVHVVPHQW/#WKHQ
LGHQWLI\# WKRVH#HQGSRLQWV# WKDW#ZH#FDQ#SXUVXH# LQ# WKLV
DQDO\VLV1

,Q# RUGHU# WR# GHWHUPLQH# FKDQJHV# LQ# HFRORJLFDO
VHUYLFH# IORZV/# GHIHQVLEOH# OLQNV# EHWZHHQ# SROOXWLRQ
HPLVVLRQV# DQG# VHUYLFH# IORZ# FKDQJHV# PXVW# EH
TXDQWLWDWLYHO\#PRGHOHG1##'HVFULEHG#JHQHUDOO\/#ILYH#VWHSV
DUH# QHFHVVDU\# WR# FRPSOHWH# D# TXDQWLWDWLYH# DQDO\VLV>
HPLVVLRQV# FKDUDFWHUL]DWLRQ># HQYLURQPHQWDO# IDWH# DQG
WUDQVSRUW# DVVHVVPHQW># H[SRVXUH# FKDUDFWHUL]DWLRQ>

HFRV\VWHP# HIIHFWV# FKDUDFWHUL]DWLRQ># DQG# HFRQRPLF
EHKDYLRU#PRGHOV1#

(PLVVLRQV#FKDUDFWHUL]DWLRQ#UHTXLUHV#PRGHOV#WKDW
SURMHFW# WKH# OHYHO# RI# DLU# SROOXWDQWV# HQWHULQJ# WKH
DWPRVSKHUH#RYHU#WKH#SHULRG#RI#WLPH# LQ#TXHVWLRQ#IRU
ERWK# IDFWXDO# DQG# FRXQWHUIDFWXDO# VFHQDULRV# XQGHU
FRQVLGHUDWLRQ# LQ# WKH# DQDO\VLV1# # ,Q# RXU# DQDO\VHV# WKH
IDFWXDO#VFHQDULR#LV#WKH#OHYHO#RI#HPLVVLRQV#LQ#WKH#8QLWHG
6WDWHV#JHQHUDWHG#EHWZHHQ#4<<3#DQG#5343/#DV#UHJXODWHG
E\# WKH# &$$$# +3RVW0&$$$,1# # 7KH# FRXQWHUIDFWXDO
VFHQDULR# LV# WKH# OHYHO# RI# HPLVVLRQV# GXULQJ# WKH# VDPH
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SHULRG#ZLWKRXW#WKH#UHJXODWLRQV#SURPXOJDWHG#XQGHU#WKH
&$$$#+3UH0&$$$, 17

7KH#JHRJUDSKLF# WUDQVSRUW#DQG#GHSRVLWLRQ#RI#DLU
SROOXWDQWV#DUH#HVWLPDWHG#XVLQJ#PRGHOV# WKDW#FRQVLGHU
PXOWLSOH# FKHPLFDO# DQG# PHWHRURORJLF# IDFWRUV1# 7KH
VHFWLRQ# ;45#SURVSHFWLYH#DQDO\VLV#RI# WKH#&$$$#XVHV
WKUHH#PRGHOV/#GHWDLOHG#LQ#$SSHQGL[#&#DQG#$LU#4XDOLW\
0RGHOLQJ# WR# 6XSSRUW# WKH# 6HFWLRQ# ;45#3URVSHFWLYH#$QDO\VLV
+SUHSDUHG# IRU# (3$# E\# 6\VWHPV# $SSOLFDWLRQV
,QWHUQDWLRQDO/#,QF1/#4<<<, 18

,Q#FDVHV#ZKHUH# WKH#SUHVHQFH#RI#D#SROOXWDQW# LQ#D
JHRJUDSKLF#UHJLRQ/#DV#HVWLPDWHG#E\#GLVSHUVLRQ#PRGHOV/
LV#QRW#DQ#DGHTXDWH#PHDVXUH#RI#WKH#H[SRVXUH#RI#ELRWD#WR
WKH#SROOXWDQW/#DQ#H[SRVXUH#PRGHO#LV#UHTXLUHG1##7KHVH
PRGHOV# PXVW# WDNH# ELRWLF# DQG# DELRWLF# HFRV\VWHPV
SURFHVVHV#LQWR#DFFRXQW1

2QFH# WKH# H[SRVXUH#RI# WKH#ELRWD# LQ# TXHVWLRQ# LV
HVWLPDWHG/# WKH#SK\VLRORJLFDO#HIIHFW#RI# WKDW#H[SRVXUH
PXVW# EH# HVWLPDWHG1# #'RVH0UHVSRQVH# IXQFWLRQV# WKDW
GHVFULEH#WKH#HIIHFWV#RI#YDU\LQJ#OHYHOV#RI#SROOXWDQWV#WR
VSHFLILF#RUJDQLVPV#DUH#GHULYHG#IURP#ODERUDWRU\/#ILHOG/
DQG#PRGHOLQJ#H[SHULPHQWV1##7KH#LQWHQVLYH#QDWXUH#RI
WKLV#UHVHDUFK#DQG#WKH#QHFHVVLW\#RI#VWXG\LQJ#HDFK#VSHFLHV
LQGLYLGXDOO\# FDXVHV# WKLV# OLQN# WR# EH# ZHDN# LQ# PRVW
TXDQWLWDWLYH#HFRORJLFDO#DVVHVVPHQWV1

)RU#DOO#DQDO\VHV#LQ#WKLV#UHSRUW/#HPLVVLRQV#XQGHU#HDFK#VFHQDULR7

DUH#EDVHG#XSRQ#(3$*V#1DWLRQDO#(PLVVLRQV#,QYHQWRU\#+1(,,#ZLWK
PRGHOLQJ#SURYLGHG#E\#WKH#(PLVVLRQV#5HGXFWLRQ#DQG#&RVW#$QDO\VLV
0RGHO#+(5&$0,1##6HH#$SSHQGL[#$#IRU#GHWDLOV1#

7KH#WKUHH#UHJLRQDO0VFDOH#DLU#TXDOLW\#PRGHOLQJ#V\VWHPV#DSSOLHG8

LQFOXGH# WKH# UHJXODWRU\# 0RGHOLQJ# 6\VWHP# IRU# $HURVROV# DQG
'HSRVLWLRQ# +5(06$',/# WKH# 5HJLRQDO#$FLG#'HSRVLWLRQ#0RGHO
+5$'0,/#DQG#WKH#8UEDQ#$LUVKHG#0RGHO#+8$00,9#DQG#8$009,1
,Q#DGGLWLRQ/#WKLV#SURVSHFWLYH#HFRORJLFDO#EHQHILWV#DVVHVVPHQW#XVHV
UHVXOWV# IURP# WKH# 5HJLRQDO# /DJUDQJLDQ#0RGHO# RI# $LU# 3ROOXWLRQ
+5(/0$3,#WR#HVWLPDWH#PHUFXU\#DQG#GLR[LQ#GHSRVLWLRQ1



The Benefits and Costs of the Clean Air Act, 1990 to 2010

E-18

Table E-6
Model Coverage for Candidate Endpoints for Quantitative Assessment

Pollutant Endpoint Model Deposition Model Functions Model
Emissions and Exposure response Economic

Transport Dose-

Acidification Forest NEI, RADM Not Multiple Only site-
(H SO , aesthetics ERCAM Required available specific2 4

HNO ) models3

available
Recreational NEI, RADM MAGIC Multiple Only site-
fishing ERCAM (region available specific

specific) models
available

Biological NEI, RADM MAGIC Multiple Only site-
diversity ERCAM (region available specific
existence value specific) models

available
Nitrogen Recreational NEI, RADM Estuary- None Only site-

Saturation and and commercial ERCAM specific Available specific
Eutrophication fisheries models models

(NO ) available availablex

Biological NEI, RADM Estuary- Multiple None Available
diversity ERCAM specific available
existence value models

available
Toxics Forest None RELMAP, None Multiple Only site-

Deposition aesthetics Available ISC3 Available available specific
(Hg, Dioxin) models

available
Hunting, wildlife None RELMAP, None Multiple Only site-
aesthetics Available ISC3 Available available specific

models
available

Recreational None RELMAP, IEM-2M (site Multiple Only site-
and commercial Available ISC3 specific) available, or specific
fishing consumption models

advisory limits available
can be used

Biological None RELMAP None Multiple None Available
diversity Available Available available
existence value

Multiple Ecosystem NEI, None None None Available
Pollutant aesthetics, ERCAM Available Available
Stress ecosystem

existence
value.

NEI: National Emissions Inventory; ERCAM: Emissions Reduction and Cost Analysis Model; RADM: Regional Acid Deposition
Model;REMSAD: Regulatory Modeling System for Aerosols and Deposition; RELMAP: Regional Lagrangian Model of Air Pollution;
UAM: Urban Airshed Model; TAMM: Timber Assessment Market Model, developed and maintained by the U.S. Forest Service.



The Benefits and Costs of the Clean Air Act, 1990 to 2010

E-19

:KHQ# SROOXWDQW# GRVHV# DUH# VXIILFLHQWO\# KLJK# WR RUGHU# WR# FRPSOHWH# WKH# UHTXLUHG#PRGHOLQJ# VWHSV# WR
FDXVH#SK\VLRORJLF#UHVSRQVHV#LQ#ELRWD/#HFRORJLFDO#VHUYLFH TXDQWLI\#FKDQJHV# LQ# WKDW#HQGSRLQW1# # ,Q#FDVHV#ZKHUH
IORZV#PD\#EH#DIIHFWHG1# #,Q#RUGHU# WR#PRQHWL]H# WKHVH GHIHQVLEOH#OLQNV#DUH#QRW#TXDQWLILHG/#RSSRUWXQLWLHV#H[LVW
LPSDFWV/#D#PRGHO#RI#WKH#HFRQRPLF#EHKDYLRU#DVVRFLDWHG IRU#TXDOLWDWLYH#DQDO\VLV1
ZLWK#WKH#VHUYLFH#IORZ#PXVW#EH#GHYHORSHG1##(FRQRPLF
PRGHOV# DUH# VSHFLILF# WR# WKH# VHUYLFH# IORZ# DQG# WKH 7DEOH# (0:# VXPPDUL]HV# WKH# TXDQWLWDWLYH# DQG
FRQVXPLQJ#SRSXODWLRQ/#DQG#QRW#DOO#VHUYLFH#IORZV#KDYH TXDOLWDWLYH# DQDO\VHV# WKDW#ZH# SURSRVH# EDVHG# RQ# WKH
DGHTXDWH#HFRQRPLF#PRGHOV#WKDW#GHVFULEH#WKHLU#YDOXH1 DYDLODEOH#PRGHO#FRYHUDJH1##*HRJUDSKLF#VFRSH#SOD\V#DQ
)RU#H[DPSOH/#UHFUHDWLRQDO#ILVKLQJ#PRGHOV#DFFRXQW#IRU LPSRUWDQW# UROH# LQ#GHWHUPLQLQJ# WKH# OHYHO#RI# DQDO\VLV/
WKH#SUHIHUHQFHV#DQG#JHRJUDSKLF#GLVWULEXWLRQ#RI#DQJOHUV VXFK# DV# D# QDWLRQDO# DVVHVVPHQW/# D# FDVH# VWXG\# RU# D
DV# ZHOO# DV# WKH# VLWH# FKDUDFWHULVWLFV# RI# WKH# ILVKHULHV1 TXDOLWDWLYH#GHVFULSWLRQ#WKDW#LV#SRVVLEOH#JLYHQ#H[LVWLQJ
7KHVH# GDWD# DUH# VLWH# VSHFLILF/# PDNLQJ# WKH# PRGHO PRGHOV1#7KLV#H[KLELW#GHPRQVWUDWHV#WKDW/#RI#WKH#JUHDW
VSHFLILFDWLRQ#IDLUO\#QRQ0WUDQVIHUDEOH1 QXPEHU# RI# NQRZQ# LPSDFWV#RI# DLU#SROOXWLRQ/#RQO\# D

7DEOH#(09#GHVFULEHV#WKH#H[WHQW#WR#ZKLFK#PRGHOV WKH#PHWKRGV/#UHVXOWV/#DQG#FDYHDWV#RI#WKH#DQDO\VHV#RI
DUH#DYDLODEOH#WR#HVWLPDWH#WKH#IXOO#FKDLQ#RI#GHIHQVLEOH WKHVH#VHOHFWHG#HQGSRLQWV1##
OLQNV#IRU#WKH#HFRORJLFDO#HQGSRLQWV#LGHQWLILHG#LQ#7DEOH
(081#(DFK#FROXPQ#PXVW#KDYH#DQ#LGHQWLILHG#PRGHO#LQ

VXEVHW#FDQ#EH#DVVHVVHG1#,Q#WKH#QH[W#VHFWLRQ#ZH#GLVFXVV

Table E-7
Summary of Endpoints Selected for Quantitative Analysis

Endpoint Analysis Geographic Scope
Lake acidification impacts on Quantification of improved fisheries Case study of New York State
recreational fisheries with monetization of recreational

value
Estuarine eutrophication impacts on Quantification of improved fisheries Illustrative calculations for case
recreational and commercial fisheries with monetization of avoided costs studies of Chesapeake Bay,

of alternative eutrophication control Long Island Sound, and Tampa
methods Bay (with extensions to East

Coast estuaries) 
Ozone impacts on commercial timber Quantification of improved timber National assessment
sales growth with monetization of

commercial timber revenues
Ozone impacts on carbon sequestration Quantification of improved carbon National assessment
in commercial timber sequestration
Toxicity impacts on recreational fishing Qualitative analysis of improved Qualitative regional case studies

recreational fisheries of New York and Tennessee
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Extending Future Analyses

%\# IRFXVLQJ# RQ# WKH# UHDGLO\# PHDVXUHG# LPSDFWV
LGHQWLILHG#LQ#7DEOH#(0:/#LW#LV#SRVVLEOH#WR#ORVH#VLJKW#RI
HFRV\VWHP0OHYHO#FKDQJHV#WKDW#PD\#WKUHDWHQ#HFRV\VWHP
LQWHJULW\# LQ#ZD\V# WKDW# DOWHU# RU# LQFUHDVH# WKH# ULVN# RI
FKDQJLQJ# HFRV\VWHP# VWUXFWXUH# DQG# IXQFWLRQ1# # 7KH
LVRODWLRQ# RI# VHUYLFH# IORZV# PD\# RIWHQ# LPSO\# DQ
RYHUVLPSOLILHG#FDXVH#DQG#HIIHFW#UHODWLRQVKLS#EHWZHHQ
SROOXWLRQ#DQG#WKH#SURYLVLRQ#RI#WKH#VHUYLFH#IORZ/#ZKHQ
PRUH#RIWHQ# WKH#VHUYLFH# IORZ# LV#DIIHFWHG#E\#FRPSOH[
QRQ0OLQHDU# UHODWLRQVKLSV# WKDW# JRYHUQ# HFRV\VWHP
VWUXFWXUH#DQG#IXQFWLRQ1##(FRQRPLF#DQDO\VHV#WKDW#IRFXV
RQ#D#QDUURZ#FODVV#RI#DFXWH#VHUYLFH0IORZ#LPSDFWV#ZLOO
QRW# FRYHU# ODUJHU# HFRV\VWHP0ZLGH# LPSDFWV# WKDW#PD\
XOWLPDWHO\# SURYH# PRVW# UHOHYDQW# WR# HQYLURQPHQWDO
SROLF\# GHFLVLRQ# PDNLQJ1# # 7KLV# DQDO\WLFDO# ZHDNQHVV
EHFRPHV# DSSDUHQW# ZKHQ# LPSDFWV# WR# HFRORJLFDO
IXQFWLRQV# VXFK# DV# QXWULHQW# F\FOLQJ# DQG# ELRORJLFDO
GLYHUVLW\#DUH#DVVHVVHG1

,VVXHV#RQ#ZKLFK#WR#IRFXV#IXWXUH#DQDO\WLF#ZRUN#LQ
WKLV#ILHOG#LQFOXGH=

& 0DMRU# OLQNDJHV#RI#FDXVH#DQG#HIIHFW#EHWZHHQ
DLU# SROOXWLRQ# DQG# VXEWOH# GHWHULRUDWLRQ# LQ
HFRV\VWHP#LQWHJULW\#DUH#GLIILFXOW#WR#TXDQWLI\>

& 'HJUDGDWLRQ# RI# HFRV\VWHP# LQWHJULW\# PRVW
RIWHQ#GRHV#QRW#FDXVH#LPPHGLDWH#PHDVXUDEOH
GHFOLQHV# LQ#HFRV\VWHP#VHUYLFH#IORZV#WKDW#DUH
PRQHWDULO\#YDOXHG#E\#VRFLHW\>

& 7KH#WLPH0IUDPH#UHTXLUHG#IRU#PDQ\#HFRORJLFDO
LPSDFWV#WR#PDQLIHVW#WKHPVHOYHV#LV#VXFK#WKDW
WKH#SUHVHQW#YDOXH#RI#WKHVH#LPSDFWV#GLVFRXQWV
WR#QHJOLJLEOH#VXPV>#DQG/

& 8QFHUWDLQWLHV# DVVRFLDWHG# ZLWK# WKH# VFDOH# RI
FRPSOH[#HFRORJLFDO#LPSDFWV#DUH#WRR#JUHDW#WR
DOORZ#IRU#UHOLDEOH#HVWLPDWLRQ#RI#WKH#HFRQRPLF
LPSOLFDWLRQV1

%HFDXVH# RI# WKH# ZHDNQHVVHV# LQ# WKH# DYDLODEOH
PHWKRGV# DQG# GDWD/# WKH# EHQHILWV# DVVHVVPHQW# LQ# WKLV
DSSHQGL[#GRHV#QRW#UHSUHVHQW#D#FRPSUHKHQVLYH#HVWLPDWH
RI#WKH#HFRQRPLF#EHQHILWV#RI#WKH#&$$$1##0RUHRYHU/

WKH# SRWHQWLDO# PDJQLWXGH# RI# ORQJ0WHUP# HFRQRPLF
LPSDFWV#RI#HFRORJLFDO#GDPDJHV#PLWLJDWHG#E\#WKH#&$$$
VXJJHVWV#JUHDW#FDUH#PXVW#EH#WDNHQ#WR#FRQVLGHU#WKRVH
HFRV\VWHP# LPSDFWV# WKDW# DUH# QRW# TXDQWLILHG# KHUH1
6LJQLILFDQW#IXWXUH#DQDO\WLFDO#ZRUN#PXVW#EH#SHUIRUPHG
WR#EXLOG#D#VXIILFLHQW#EDVH#RI#NQRZOHGJH#DQG#GDWD#WR
DOORZ#WKH#H[SDQVLRQ#RI#WKLV#EHQHILWV#DVVHVVPHQW1

Eutrophication of Estuaries

7KLV#DQDO\VLV#FRQVLGHUV#WKH#HFRQRPLF#EHQHILWV#RI
UHGXFHG# QLWURJHQ# GHSRVLWLRQ# DQG# WKH# HIIHFWV# RQ
VHOHFWHG# HDVWHUQ# HVWXDULHV# DWWULEXWDEOH# WR# WKH# 4<<3
&OHDQ#$LU#$FW#$PHQGPHQWV#+&$$$,1##1RWH#WKDW#WKHVH
HVWLPDWHV#ZHUH#QRW#LQFOXGHG#LQ#WKH#SULPDU\#EHQHILWV#RI
WKH#&$$$>#WKHVH#DUH#SUHVHQWHG#KHUH#DV#DQ#DOWHUQDWLYH
FDOFXODWLRQ#RQO\1# #:H#SUHVHQW#D#GHVFULSWLRQ#RI#KRZ
QLWURJHQ#GHSRVLWLRQ#DIIHFWV#HVWXDULQH#HFRV\VWHPV/#DQ
H[SODQDWLRQ#RI#WKH#HIIHFWV#RQ#HFRORJLFDO#VHUYLFH#IORZV/
DQG# DQ# DVVHVVPHQW# RI# WKH# EHQHILWV# RI# UHGXFLQJ
QLWURJHQ# GHSRVLWLRQ# LQ# WKH# FRQWH[W# RI# VHYHUDO# FDVH
VWXGLHV# XVLQJ# DYRLGHG0GDPDJH# DQG# GLVSODFHG0FRVW
DSSURDFKHV# DV# DOWHUQDWLYH# HVWLPDWHV#RI#EHQHILWV1# #$
PRUH# FRPSUHKHQVLYH#GHVFULSWLRQ#RI# WKLV# DQDO\VLV# LV
IRXQG# LQ# %HQHILWV# $VVHVVPHQW# RI# 'HFUHDVHG# 1LWURJHQ
'HSRVLWLRQ#WR#(VWXDULHV#LQ#WKH#8QLWHG#6WDWHV#$WWULEXWDEOH#WR
WKH#4<<3#&OHDQ#$LU#$FW#$PHQGPHQWV/#4<<305343# +,(F/
4<<<D,1

Impacts of Nitrogen Deposition on
Estuaries

$WPRVSKHULFDOO\# GHULYHG# QLWURJHQ# PDNHV# XS# D
VL]DEOH#IUDFWLRQ#RI#WRWDO#QLWURJHQ#LQSXWV#LQ#HVWXDULHV#LQ
WKH#HDVWHUQ#8QLWHG#6WDWHV1#:KHQ#DWPRVSKHULF#QLWURJHQ
HQWHUV# HVWXDULHV# LW# FDQ# FDXVH# HXWURSKLFDWLRQ/# RU# DQ
LQFUHDVHG#QXWULHQW# ORDG# WKDW/# LQ#H[FHVV/#FKDQJHV# WKH
HFRV\VWHP*V# VWUXFWXUH# DQG# IXQFWLRQ# DQG# DIIHFWV# WKH
SURYLVLRQ#RI#HFRORJLFDO#VHUYLFH#IORZV1##7KH#HFRORJLFDO
HIIHFWV#DQG#WKHLU#DVVRFLDWHG#VHUYLFH#IORZV#DUH#OLVWHG#LQ
7DEOH#(0;1
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Table E-8
Service Flows Affected by Changes in Estuarine Ecosystems

Ecosystem Changes Service Flow Impacts
Deterioration of  breeding grounds for fisheries Commercial fishing yields, species mix

Recreational fishing catch rate, species mix
Loss of habitat for aquatic and avian biota Existence value of a healthy estuarine ecosystem

Wildlife viewing
Aesthetics

'HULYDWLRQ# RI# GRVH0UHVSRQVH# UHODWLRQVKLSV QLWURJHQ# DV# D# PDMRU# IDFWRU# LQ# LWV# HIIRUWV# WR# OLPLW
EHWZHHQ#DWPRVSKHULF#QLWURJHQ#ORDGLQJ#DQG#HFRORJLFDO HXWURSKLFDWLRQ1# # #6HFRQG/#HDFK#KDV#FRQGXFWHG#VRPH
HIIHFWV# LV# FRPSOLFDWHG# E\# WKH# G\QDPLF# QDWXUH# RI UHVHDUFK# LQWR# WKH# OHYHO# RI# GDPDJHV# DVVRFLDWHG#ZLWK
HFRORJLFDO#V\VWHPV1##,Q#DGGLWLRQ#WR#EHLQJ#FKDUDFWHUL]HG QLWURJHQ#HXWURSKLFDWLRQ/#DOWKRXJK#LQ#WKH#ILQDO#DQDO\VLV
E\# QRQ0OLQHDU/# %WKUHVKROG%# W\SH# UHVSRQVHV/# HVWXULQH RQO\# WKH# &KHVDSHDNH# %D\# 3URJUDP*V# UHVHDUFK# ZDV
HFRV\VWHPV#DUH#VLPXOWDQHRXVO\#LQIOXHQFHG#E\#D#YDULHW\ VXIILFLHQW# WR# HVWDEOLVK# VRPH# PHDVXUH# RI# DYRLGHG
RI# VWUHVVRUV# +ERWK# DQWKURSRJHQLF# DQG GDPDJHV1##7KLUG/#HDFK#RI#WKHVH#HVWXDULHV#KDV#LQ#SODFH#D
QRQ0DQWKURSRJHQLF,1# # 7KLV# PDNHV# LW# GLIILFXOW# WR ELQGLQJ#FRPPLWPHQW#WR#PHHW#LWV#QLWURJHQ#UHGXFWLRQ
TXDQWLI\# WKH# QDWXUH# DQG# PDJQLWXGH# RI# HFRORJLFDO WDUJHWV/#D#QHFHVVDU\#FRQGLWLRQ#IRU#DSSO\LQJ#WKH#DYRLGHG
FKDQJHV#H[SHFWHG#WR#UHVXOW#IURP#D#FKDQJH#LQ#D#VLQJOH FRVWV#DSSURDFK1##,Q#WKHVH#HVWXDULHV/#IDLOXUH#WR#UHGXFH
VWUHVVRU#VXFK#DV#QXWULHQW#ORDGLQJ1##)XUWKHU/#LI#WKH#VWDWH DLUERUQH#QLWURJHQ#GHSRVLWLRQ#+DV#ZRXOG#EH#WKH#FDVH#LI
RI#WKH#HFRV\VWHP#KDV#FKDQJHG#+DV#IURP#ROLJRWURSKLF QR#&$$$#ZHUH#LQ#SODFH,#ZRXOG#LPSO\#WKDW#DGGLWLRQDO9

WR#HXWURSKLF,#WKH#UHPRYDO#RI#WKH#LQLWLDO#VWUHVVRU#GRHV QLWURJHQ#UHGXFWLRQV#ZRXOG#EH#QHFHVVDU\#IURP#RWKHU
QRW#QHFHVVDULO\#PHDQ#D#UDSLG#UHWXUQ#WR#WKH#SULRU#VWDWH1 VRXUFHV/# VXFK# DV# SRLQW# RU# QRQSRLQW# VXUIDFH# ZDWHU
7KLV#FRPSOLFDWHV#WKH#TXDQWLWDWLYH#EHQHILWV#DVVHVVPHQW GLVFKDUJHV1##,PSOHPHQWDWLRQ#RI#WKH#&$$$#WKHUHIRUH
RI#FRQWUROOLQJ#QLWURJHQ#GHSRVLWLRQ#WKURXJK#WKH#&$$$1 HIIHFWLYHO\#DYRLGV#WKH#LPSRVLWLRQ#RI#FRVWV#WR#DFKLHYH

Economic Benefits of Decreasing
Atmospheric Deposition of Nitrogen

(3$*V# DQDO\VLV# EHJLQV# ZLWK# D# JHRJUDSKLF
LQIRUPDWLRQ#V\VWHP# +*,6,#DSSURDFK# WR#HVWLPDWH# WKH
WRWDO#YROXPH#RI#QLWURJHQ#LQSXWV#WKDW#WKH#&$$$#ZRXOG
UHGXFH#WR#WKUHH#PDMRU#HVWXDULHV/#WKH#&KHVDSHDNH#%D\/
/RQJ#,VODQG#6RXQG/#DQG#7DPSD#%D\1##8QIRUWXQDWHO\/
UHVRXUFH# OLPLWDWLRQV# SUHYHQWHG# XV# IURP# H[DPLQLQJ
PRUH# WKDQ# WKUHH# HVWXDULHV# DW# WKLV#SRLQW1# #7KH# WKUHH
HVWXDULHV#ZHUH#FKRVHQ#IRU#VHYHUDO#UHDVRQV1##)LUVW/#HDFK
RI# WKHVH# DUHDV#PDLQWDLQV# DQ# DFWLYH# UHVHDUFK# FHQWHU/
HLWKHU# XQGHU#&OHDQ0:DWHU#$FW# RU#1DWLRQDO#(VWXDU\
3URJUDP# SURYLVLRQV/# DQG# KDV# LGHQWLILHG# DLUERUQH 7KH# ILUVW# VWHS# WRZDUG# FDOFXODWLQJ

WKRVH#QLWURJHQ#GLVFKDUJH#UHGXFWLRQV1#

)RU#HDFK#RI#WKH#WKUHH#HVWXDULHV#VHOHFWHG/#ZH#WKHQ
FRQGXFW#WZR#W\SHV#RI#DQDO\VHV1# #)LUVW/#ZH#DVVHVV#WKH
DYRLGHG#QLWURJHQ#GHSRVLWLRQ#ORDGLQJV#WR#WKH#ZDWHUVKHG
DQG#DYRLGHG#FRVWV#IURP#UHGXFLQJ#QLWURJHQ#GHSRVLWLRQ/
XVLQJ# VXEPHUJHG# DTXDWLF# YHJHWDWLRQ# DV# D# NH\
ELRSK\VLFDO# LQGLFDWRU1# # 6HFRQG/# ZH# HVWLPDWH# WKH
DYRLGHG#FRVW#RI#LPSOHPHQWLQJ#SODQQHG#DOWHUQDWLYHV#WR
WKH#&$$$#IRU#UHGXFLQJ#QLWURJHQ#GHSRVLWLRQ1

GIS-Based Deposition and Loadings
Estimates

GHSRVLWLRQ0UHODWHG# QLWURJHQ# ORDGLQJV# WR# WKH# WKUHH
HVWXDULHV#LV#WR#HVWLPDWH#WKH#WRWDO#GHSRVLWLRQ#RI#QLWURJHQ
WR#WKH#ZDWHUVKHGV1##7DEOH#(0<#SUHVHQWV#RXU#HVWLPDWHV
RI# WKH# TXDQWLW\# RI# QLWURJHQ# GHSRVLWHG# WR# WKH
&KHVDSHDNH#%D\/#/RQJ#,VODQG#6RXQG/#DQG#7DPSD#%D\

2OLJRWURSK\# UHIHUV# WR# D# VWDWH# RI# UHODWLYHO\# ORZ# QXWULHQW9

HQULFKPHQW# DQG# ORZ# SURGXFWLYLW\# RI# DTXDWLF# HFRV\VWHPV1# # ,Q
FRQWUDVW/# HXWURSK\# UHIHUV# WR# D# VWDWH# RI# UHODWLYHO\# KLJK# QXWULHQW
ORDGLQJ# DQG# KLJKHU# SURGXFWLYLW\/# VRPHWLPHV# OHDGLQJ# WR
RYHUHQULFKPHQW#DQG#UHGXFWLRQ#LQ#HFRORJLFDO#VHUYLFH#IORZV#YLD#ZDWHU
TXDOLW\#GHFOLQH1###
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Table E-9
Total Nitrogen Deposition Based on GIS Analysis
(millions of lbs.)

Watershed Scenario 1: 1990 2010 without CAAA 2010 with CAAA Difference
Scenario 2:  Scenario 3:  

Chesapeake Bay 194.3 345.1 452.4 258.1 
Long Island Sound 36.9 78.3 93.7 56.8 
Tampa Bay 4.3 8.1 11.3 7.0 

ZDWHUVKHGV1# # :H# SUHVHQW# GDWD# IRU# WKUHH# GLIIHUHQW SHUFHQWDJH#RI#DWPRVSKHULFDOO\#GHSRVLWHG#QLWURJHQ#WKDW
VFHQDULRV1# #7KH# ILUVW#VFHQDULR# LV#RXU#HVWLPDWH#RI# WKH LV#XOWLPDWHO\#WUDQVSRUWHG#WR#VXUIDFH#ZDWHU#UDWKHU#WKDQ
TXDQWLW\#RI#QLWURJHQ#GHSRVLWHG# LQ#4<<3/#SULRU#WR#WKH UHWDLQHG#E\#WKH#ODQG1#
LQWURGXFWLRQ#RI#WKH#&$$$1##6FHQDULR#5#LV#RXU#HVWLPDWH
RI#WKH#TXDQWLW\#RI#QLWURJHQ#GHSRVLWHG#LQ#5343#ZLWKRXW 7DEOH#(043#SUHVHQWV#WKH#ODQG#XVH#SUHYDOHQFH#DQG
WKH#&$$$/#DQG#6FHQDULR#6#LV#WKH#TXDQWLW\#GHSRVLWHG WKH#SDVV0WKURXJK#IDFWRUV#WKDW#ZH#XVH#IRU#HDFK#RI#WKH
ZLWK#WKH#&$$$1###7KH#GLIIHUHQFH#EHWZHHQ#6FHQDULRV#5 WKUHH# ZDWHUVKHGV# LQ# RXU# DQDO\VLV1 # # $V# WKH# H[KLELW
DQG#6#UHSUHVHQWV#WKH#SRWHQWLDO#IXWXUH#LPSDFWV#RI#WKH LQGLFDWHV/#IRUHVWV# +86#SHUFHQW,#DQG#DJULFXOWXUDO# ODQGV
&$$$#RQ#QLWURJHQ#GHSRVLWLRQ1 # +65#SHUFHQW,#UHSUHVHQW#WKH#PDMRULW\#RI#WKH#ODQG#XVH#LQ:

$V#WKH#H[KLELW#LQGLFDWHV/#WKH#&$$$#DUH#OLNHO\#WR 6RXQG#ZDWHUVKHG/#IRUHVWV#+9:#SHUFHQW,#DJDLQ#GRPLQDWH
KDYH#D#VLJQLILFDQW#LPSDFW#RQ#WKH#TXDQWLW\#RI#QLWURJHQ ODQG#XVH>#KRZHYHU/#XUEDQ#ODQGV#DFFRXQW#IRU#DV#PXFK
GHSRVLWHG#WR#HDFK#RI#WKH#WKUHH#ZDWHUVKHGV1# #)RU#WKH WHUULWRU\#DV#DJULFXOWXUDO# ODQGV# +44#SHUFHQW,1# #)RU# WKH
&KHVDSHDNH# %D\# ZDWHUVKHG/# QLWURJHQ# GHSRVLWLRQ# LV 7DPSD#%D\#ZDWHUVKHG/#DJULFXOWXUDO#ODQGV#FRQVWLWXWH#WKH
H[SHFWHG#WR#EH#QHDUO\#4<8#PLOOLRQ#SRXQGV#OHVV#LQ#5343 ODUJHVW# ODQG# XVH# +66# SHUFHQW,/#ZKLOH# UDQJHODQGV# +4<
+76# SHUFHQW,# WKDQ# LW#ZRXOG# KDYH# EHHQ#ZLWKRXW# WKH SHUFHQW,/#XUEDQ# ODQG# +48#SHUFHQW,/#DQG#ZHWODQGV# +43
&$$$1##)RU#WKH#/RQJ#,VODQG#6RXQG#DQG#7DPSD#%D\ SHUFHQW,#UHSUHVHQW#D#PXFK#JUHDWHU#SURSRUWLRQ#RI#WKH
ZDWHUVKHGV/# WKLV# ILJXUH# LV# DSSUR[LPDWHO\# 6:#PLOOLRQ ODQG#XVH#WKDQ#LQ#WKH#RWKHU#WZR#ZDWHUVKHGV1#
SRXQGV# +6<# SHUFHQW,# DQG# IRXU#PLOOLRQ# SRXQGV# +6;
SHUFHQW,/#UHVSHFWLYHO\1

:H# DOVR# HVWLPDWH# WKH# SUHYDOHQFH# RI# PDMRU
FDWHJRULHV#RI#ODQG#XVH#LQ#HDFK#RI#WKH#WKUHH#ZDWHUVKHGV1
/DQG# XVH# LV# D# FULWLFDO# FRPSRQHQW# RI# RXU# DQDO\VLV
EHFDXVH#WKH#TXDQWLW\#RI#QLWURJHQ#UXQRII#WKDW#HYHQWXDOO\
UHDFKHV#WKH#HVWXDU\#YDULHV#DFFRUGLQJ#WR#WKH#W\SH#RI#ODQG
WKDW# UHFHLYHV# WKH# DWPRVSKHULF# GHSRVLWLRQ1# # )RU
H[DPSOH/#WKH#IDWH#RI#DWPRVSKHULFO\#GHSRVLWHG#QLWURJHQ
ZLOO#GLIIHU#LI#WKH#QLWURJHQ#IDOOV#RQ#IRUHVW#YHUVXV#XUEDQ
ODQG/#EHFDXVH# IRUHVW# ODQG#JHQHUDOO\# UHWDLQV#D#JUHDWHU
SHUFHQWDJH#RI#QLWURJHQ#WKDQ#XUEDQ#ODQG1##2XU#DQDO\VLV
XVHV#GLVWLQFW#QLWURJHQ#%SDVV0WKURXJK%#ILJXUHV#IRU#HDFK
FDWHJRU\# RI# ODQG# XVH1# #3DVV0WKURXJK# UHSUHVHQWV# WKH

;

WKH#&KHVDSHDNH#%D\#ZDWHUVKHG1##,Q#WKH#/RQJ#,VODQG

7KHVH#GDWD# DUH#GHULYHG# IURP# ,(F*V# VSDWLDO# DQDO\VLV#RI# WKH:

ZDWHUVKHGV# DQG# 5$'0# QLWURJHQ# GHSRVLWLRQ# PRGHOLQJ1# # 7KH #3DVV0WKURXJK#HVWLPDWHV#ZHUH#GHULYHG#IURP#(3$*V#DQDO\VLV#RI
5$'0#PRGHOLQJ#LV#GHVFULEHG#LQ#$SSHQGL[#&#RI#WKLV#UHSRUW1# WKH#UHOHYDQW#OLWHUDWXUH#0#VHH#,(F#+4<<<,1

;
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Table E-10
Land Use Prevalence and Pass-Through Figures

Watershed Forest Agricultural Urban Water Wetlands Other*
Chesapeake Bay

Land Use 53% 32% 6% 7% 1% 1%

N Pass-Through 20% 30% 50% 100% 20% 30%

Long Island  Sound

Land Use 67% 11% 11% 9% 2% 0%

N Pass-Through 20% 30% 50% 100% 20% 30%

Tampa Bay

Land Use 5% 33% 15% 15% 10% 22%

N Pass-Through 20% 30% 50% 100% 20% 30%
* “Other” areas in Tampa Bay include rangeland (19%) and barren land (3%).

#
:H# XVH# WKH# SDVV0WKURXJK# ILJXUHV# DQG# ODQG# XVH HVWLPDWH#IRU#ORDGLQJV#LQ#5343#ZLWKRXW#LPSOHPHQWDWLRQ

SUHYDOHQFH#LQ#FRQMXQFWLRQ#ZLWK#GHSRVLWLRQ#TXDQWLWLHV RI#WKH#&$$$1##)RU#WKH#/RQJ#,VODQG#6RXQG#DQG#7DPSD
WR#HVWLPDWH#QLWURJHQ#ORDGLQJV#WR#HDFK#HVWXDU\1##7DEOH %D\/# WKH# GLIIHUHQFH# EHWZHHQ# WKH# WZR# VFHQDULRV# LV
(044#GLVSOD\V#RXU#QLWURJHQ#ORDGLQJV#HVWLPDWHV#IRU#WKH DSSUR[LPDWHO\# 46# PLOOLRQ# SRXQGV# DQG# 41;# PLOOLRQ
WKUHH#ZDWHUVKHGV#XQGHU#WKH#WKUHH#VFHQDULRV1# #$V#WKH SRXQGV/#UHVSHFWLYHO\1#####
H[KLELW# LQGLFDWHV/# ORDGLQJV# IURP# DWPRVSKHULF
GHSRVLWLRQ#GHFUHDVH#VLJQLILFDQWO\#GXH# WR# WKH#&$$$1
)RU#&KHVDSHDNH#%D\/# IRU#H[DPSOH/#ZH#HVWLPDWH# WKDW
QLWURJHQ# ORDGLQJV# ZLWK# WKH# &$$$# ZLOO# EH
DSSUR[LPDWHO\# :<# PLOOLRQ# SRXQGV# LQ# 5343/
DSSUR[LPDWHO\# 8;# PLOOLRQ# SRXQGV# OHVV# WKDQ# RXU

Table E-11
Nitrogen Loadings from Atmospheric Deposition 
(millions of lbs.)

Watershed 1990 2010 without CAAA W/CAAA Difference
Scenario 1: Scenario 2: Scenario 3: 2010

Chesapeake Bay 105.2 137.5 79.4 58.1
Long Island Sound 26.7 31.9 19.1 12.8
Tampa Bay 3.4 4.7 2.9 1.8

Displaced Costs from Reducing
Atmospheric Deposition to Estuaries

,W#LV#SRVVLEOH#WR#XVH#D#GLVSODFHG#FRVW#DSSURDFK#WR
GHWHUPLQH# WKH# EHQHILWV# DVVRFLDWHG# ZLWK# UHGXFHG
QLWURJHQ#HPLVVLRQV1#7R#UHGXFH#H[FHVV#QXWULHQW#ORDGV
+LQFOXGLQJ#QLWURJHQ,# WR# ORFDO#HVWXDULHV/#PDQ\#FRDVWDO
FRPPXQLWLHV#DUH#SXUVXLQJ#FRVWO\#DEDWHPHQW#RSWLRQV1
7KHVH#RSWLRQV#LQFOXGH#SRLQW#VRXUFH#FRQWUROV#DV#ZHOO#DV
XUEDQ# QRQ0SRLQW# DQG# DJULFXOWXUDO# QRQ0SRLQW# VRXUFH

FRQWUROV1# # :H# HVWLPDWH# WKH# PDUJLQDO# FRVWV# RI
DEDWHPHQW# DVVRFLDWHG# ZLWK# WKHVH# FRQWUROV# DV
LPSOHPHQWHG#LQ#WKH#WKUHH#FDVH#VWXG\#HVWXDULHV1#7R#WKH
H[WHQW# WKDW# QLWURJHQ# GHSRVLWLRQ# FDQ# EH# FRQWUROOHG
PRUH#FRVW#HIIHFWLYHO\#WKDQ#SRLQW0VRXUFH#GLVFKDUJHV/#WKH
FRQWURO# H[SHQGLWXUHV# GLVSODFHG# E\# WKH# &$$$
UHSUHVHQW#D#EHQHILW#WR#VRFLHW\1

,GHDOO\/#D#QLWURJHQ#PDQDJHPHQW#SURJUDP#ZRXOG
UHVXOW# LQ# WKH# OHDVW# H[SHQVLYH# DEDWHPHQW# SRVVLEOH/
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WKHUHE\#PLQLPL]LQJ#WKH#UHVRXUFHV#VRFLHW\#H[SHQGV#RQ
QLWURJHQ#FRQWURO1##7KH#ORZHVW#PDUJLQDO#FRVW#SROOXWLRQ
UHGXFWLRQ# LV#H[SORLWHG# ILUVW/#DQG#SXUVXHG# WR# LWV# OLPLW
EHIRUH#WKH#QH[W#OHDVW#FRVWO\#DOWHUQDWLYH#LV#H[SORLWHG/#DQG
VR# RQ# XQWLO# WKH# UHTXLUHG# QLWURJHQ# UHGXFWLRQ# LV#PHW
+UHSUHVHQWHG#E\#WKH#GDUN#FROXPQV#LQ#)LJXUH#(04,1#

:LWK# WKH# &$$$/# D# SRUWLRQ# RI# WKH# UHVRXUFHV
VRFLHW\# FRPPLWWHG# WR#RU#ZRXOG#KDYH# FRPPLWWHG# WR
UHGXFLQJ#D#TXDQWLW\#RI#ZDWHUERUQH#QLWURJHQ#PD\#EH
XQQHFHVVDU\1##)ROORZLQJ#WKH#FRVW#PLQLPL]LQJ#VWUDWHJ\/
VRFLHW\#ZLOO# IRUHJR# WKH#PRVW#H[SHQVLYH#FRQWURO#FRVW
RSWLRQ#ILUVW/#SXUVXH#LW#WR#LWV#OLPLW#EHIRUH#WKH#QH[W#PRVW
H[SHQVLYH#DOWHUQDWLYH#LV#IRUHJRQH/#DQG#VR#RQ#XQWLO#WKH
QLWURJHQ# UHGXFWLRQ# EHQHILWV# IURP# WKH# &$$$# DUH
H[KDXVWHG#+UHSUHVHQWHG#E\#WKH#OLJKWO\#VKDGHG#FROXPQV
LQ# )LJXUH# (05,1# # 7KH# OHYHO# RI# QLWURJHQ# UHGXFWLRQ
UHPDLQLQJ#ZLOO#WKHUHIRUH#EH#DFFRPSOLVKHG#DW#WKH#ORZHVW
FRVW#+UHSUHVHQWHG#E\#WKH#GDUN#FROXPQV#LQ#)LJXUH#(05,1



Figure E-2.  Nitrogen Reduction With CAAA
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Figure E-1.  Nitrogen Reduction Without CAAA
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:H# GHYHORS# RXU# DYRLGHG0FRVW# HVWLPDWH# E\ WKDW# VHUYH#PRUH# SXUSRVHV# WKDQ#PLWLJDWLQJ# QLWURJHQ
DVVXPLQJ#WKDW#GHFLVLRQ#PDNHUV#ZLOO#FKRRVH#WR#IRUHJR LQSXWV#LQWR#WKH#HVWXDULHV#RI#FRQFHUQ1##:DWHU#WUHDWPHQW
WKH#PRVW# FRVWO\# QLWURJHQ# DEDWHPHQW# SURMHFWV# ILUVW1 ZRUNV#DUH#LQWHQGHG#WR#SURYLGH#ZDVWH#ZDWHU#WUHDWPHQW
7KDW# LV/#ZH#DVVXPH#WKDW#UHGXFHG#GHSRVLWLRQ#DQG#WKH IRU#D#YDULHW\#RI#SROOXWDQWV#DQG#PD\#EH#UHTXLUHG#HYHQ#LQ
UHVXOWLQJ#ORDGLQJV#UHGXFWLRQ#ZLOO#HOLPLQDWH#WKH#QHHG#IRU WKH#DEVHQFH#RI#DLU#GHSRVLWLRQ#RI#QLWURJHQ1##6HFRQG/#WKH
DGGLWLRQDO#SRLQW#RU#QRQ0SRLQW#VRXUFH#FRQWUROV#DW#WKH QLWURJHQ# ORDGLQJ# WDUJHWV# IRU# WKH# HVWXDULHV# DUH# QRW
KLJK#HQG#RI#WKH#PDUJLQDO#FRVW#FXUYH1# FRQFUHWH/# VWULFWO\# HQIRUFHG# OLPLWV/# EDVHG# RQ# FHUWDLQ

7R# HVWLPDWH# WKH# HFRQRPLF# EHQHILWV# RI# UHGXFHG QLWURJHQ#LQSXWV1##,QVWHDG/#WKH#WDUJHWV#PD\#FKDQJH#RYHU
QLWURJHQ#GHSRVLWLRQ#IURP#WKH#&$$$/#ZH#UHTXLUH#VLWH WLPH#DV#NQRZOHGJH#RI#WKH#HIIHFWV#RI#QLWURJHQ#WR#WKHVH
VSHFLILF# LQIRUPDWLRQ# IURP# WKH#ZDWHUVKHG# OHYHO1# #$ HVWXDULHV# FKDQJH1# # )RU# WKHVH# UHDVRQV/# ZH# GR# QRW
MXVWLILDEOH# DYRLGHG# FRVW# DQDO\VLV# UHOLHV# XSRQ# WKH LQFOXGH# WKHVH# HVWLPDWHV# LQ# WKH# SULPDU\# EHQHILWV
H[LVWHQFH# RI# UHDOLVWLF# DQG# HQIRUFHDEOH# QLWURJHQ HVWLPDWHV#IRU#WKH#&$$$1
UHGXFWLRQ# JRDOV# IRU# HDFK# HVWXDU\1# #:LWKRXW# VSHFLILF
WDUJHWV#RU#UHGXFWLRQ#JRDOV/#LW#LV#QRW#SRVVLEOH#WR#VXJJHVW
WKDW# WKHUH#DUH#DQ\#FRQWURO#FRVWV# WR#EH#DYRLGHG1# #$V
GHVFULEHG#HDUOLHU/#ZH#KDYH#FKRVHQ#FDVH#VWXG\#HVWXDULHV
WKDW# ILW# WKLV#FULWHULRQ1# #7KHVH#DUHDV#KDYH#HVWDEOLVKHG
QLWURJHQ# UHGXFWLRQ#SURJUDPV# WKDW# UHO\#SULPDULO\#RQ
UHGXFWLRQV#RI#HIIOXHQW#IURP#SRLQW#VRXUFHV#DV#ZHOO#DV
UHGXFWLRQV# LQ# QRQ0SRLQW# VRXUFH# GLVFKDUJHV1
,QIRUPDWLRQ# RQ# WKH# UHGXFWLRQ# JRDO# DQG# SRWHQWLDO
DEDWHPHQW#RSWLRQV#IRU#PHHWLQJ#WKRVH#JRDOV#DOORZ#XV#WR
HVWLPDWH#WKH#SRUWLRQ#RI#WKH#JRDO#WKDW#FDQ#EH#PHW#E\#WKH
&$$$/#DV#ZHOO#DV# WKH#DVVRFLDWHG#FRVW#VDYLQJV1 # #:H<

VXPPDUL]H#WKRVH#UHVXOWV#LQ#7DEOH#(0451##

1H[W/#ZH#QHHG# WR#NQRZ# WKH#DQQXDO#TXDQWLW\#RI
DWPRVSKHULF# QLWURJHQ# GHSRVLWHG# RQ# WKH# ZDWHUVKHG1
/DVW/#ZH#QHHG#WR#XQGHUVWDQG#GHWDLOV#DERXW#WKH#GLIIHUHQW
QLWURJHQ# UHGXFWLRQ# SURJUDPV# WKDW# FRXOG# EH
LPSOHPHQWHG# LQ# WKH#ZDWHUVKHG1# # 7KLV# LQFOXGHV# WKH
TXDQWLW\# RI# QLWURJHQ# UHGXFHG# WKURXJK# D# SDUWLFXODU
FRQWURO# RSWLRQ# +H1J1/# DJULFXOWXUH# EHVW# PDQDJHPHQW
SODQV>%03V@,/# DQG# WKH# XQLW# FRVW# RI# UHGXFLQJ# WKDW
QLWURJHQ# +L1H1#GROODUV#SHU#SRXQG#RU# WRQ#RI#QLWURJHQ
UHGXFHG,1

7KH#EHQHILWV#YDOXDWLRQ#GHULYHG#XVLQJ# WKH#DYRLG0
FRVWV#DSSURDFK#VKRXOG#EH# LQWHUSUHWHG#FDXWLRXVO\#IRU
WZR#UHDVRQV1##)LUVW/#LW#LV#DQ#HVWLPDWLRQ#RI#FDSLWDO#FRVWV

NQRZOHGJH#RI#WKH#FDSDFLW\#RI#WKH#HVWXDULHV#WR#DFFHSW

:LWK#LQFUHDVLQJ#SRSXODWLRQV/#FRQWUROV#RI#DOWHUQDWLYH#VRXUFHV<

+H1J1/#DXWRPRELOH#DQG#XWLOLW\#HPLVVLRQV,#PD\#EH#QHHGHG#VLPSO\#WR
PHHW# WKH#RULJLQDO# WDUJHW#RU#JRDO># LI# WKH#&$$$#DPHQGPHQWV#DUH
QHFHVVDU\#MXVW#WR#DFKLHYH#WKH#WDUJHW#UHGXFWLRQV/#WKHQ#ZH#DUH#DFWXDOO\
PHDVXULQJ#DOWHUQDWLYH#FRVWV#DQG#QRW#GLVSODFHG#FRVWV1##
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Table E-12
Estimated Avoided Costs For Three Estuaries

Estuary Reduced N Deposition in Lower-BoundMarginal Upper-Bound Estimated Annual
2010(millions of pounds) Cost($/lb/yr.) Marginal Cost Avoided Costs in 2010

($/lb/yr.) ($millions)
Long Island 12.8 $2 $8 $25.6-$102.4
Sound
Chesapeake 58.1 $6 $22 $349-$1,278
Bay
Tampa Bay 1.8 $6 $38 $11 - $68

Results for Case Study Estuaries

& 8QGHU# WKH# &KHVDSHDNH# %D\# $JUHHPHQW/# WKH
VLJQDWRULHV# +(3$/# 0DU\ODQG/# 9LUJLQLD/
3HQQV\OYDQLD/#DQG#WKH#'LVWULFW#RI#&ROXPELD,
KDYH#DJUHHG#WR#UHGXFH#QXWULHQW#ORDGLQJV#WR#WKH
%D\#E\#73#SHUFHQW#E\#WKH#\HDU#5333/#UHODWLYH#WR
4<;8#OHYHOV1##7KLV#JRDO#WUDQVODWHV#WR#D#QLWURJHQ
UHGXFWLRQ#RI#DERXW#4;9#PLOOLRQ#SRXQGV#SHU
\HDU1# #$#JUHDW#GHDO#RI#SURJUHVV# WRZDUG# WKLV
JRDO#KDV#DOUHDG\#EHHQ#PDGH/#DOWKRXJK#VXFFHVV
GLIIHUV#DFURVV# VXE0UHJLRQV# LQ# WKH#ZDWHUVKHG
+&KHVDSHDNH#%D\#3URJUDP#4<<:,1##1LWURJHQ
ORDGLQJV#UHGXFWLRQV#DFKLHYHG#WKXV#IDU#DUH#WKH
UHVXOW#RI#ERWK#SRLQW# DQG#QRQ0SRLQW# VRXUFH
FRQWUROV1# #6LQFH# 4<;8/# 66#RI# WKH# 648#PDMRU
PXQLFLSDO#WUHDWPHQW#SODQWV#LQ#WKH#UHJLRQ#KDYH
XSJUDGHG# WR# ELRORJLFDO# QXWULHQW# UHPRYDO
+%15,/# DQ# DGYDQFHG# WUHDWPHQW# WHFKQRORJ\
VSHFLILFDOO\# IRFXVHG# RQ# QLWURJHQ# UHPRYDO1
7KHVH#XSJUDGHV#KDYH#UHGXFHG#DQQXDO#ORDGLQJV
E\# DERXW# 46#PLOOLRQ# SRXQGV# +DV# RI# 4<<9,1
$SSUR[LPDWHO\# 93# DGGLWLRQDO# IDFLOLWLHV# DUH
H[SHFWHG#WR#LPSOHPHQW#%15#LQ#WKH#IXWXUH1##,Q
DGGLWLRQ/# DJULFXOWXUDO# DQG# XUEDQ# EHVW
PDQDJHPHQW# SUDFWLFHV# KDYH# UHGXFHG
QRQ0SRLQW# VRXUFH# ORDGLQJV# E\# DERXW# 49
PLOOLRQ# SRXQGV# SHU# \HDU/# ZLWK# DGGLWLRQDO
LPSOHPHQWDWLRQ#RI#%03V#SODQQHG#IRU#FRPLQJ
\HDUV# +&KHVDSHDNH# %D\# 3URJUDP/# 4<<:,1
%HFDXVH# ERWK# SRLQW# DQG# QRQ0SRLQW# VRXUFH
FRQWUROV# SOD\# D# UROH# LQ# DQWLFLSDWHG# IXWXUH
QLWURJHQ# UHGXFWLRQV# LQ#&KHVDSHDNH#%D\/#ZH
GHYHORS#PDUJLQDO#DQG#DYRLGHG#FRVW#HVWLPDWHV
WKDW# LQFRUSRUDWH#ERWK# W\SHV#RI# FRQWURO1#$V
UHIOHFWHG#LQ#([KLELW#48/#ZH#HVWLPDWH#DYRLGHG

FRVW# EHQHILWV# IRU# &KHVDSHDNH# %D\# UDQJLQJ
IURP#DERXW#'67<#PLOOLRQ#WR#'416#ELOOLRQ1

& /RQJ# ,VODQG# 6RXQG#KDV# HVWDEOLVKHG# D# JRDO#RI
UHGXFLQJ#QLWURJHQ#ORDGLQJV#E\#DSSUR[LPDWHO\
7;#PLOOLRQ# SRXQGV# E\# 53481# #3RLQW# VRXUFH
FRQWUROV# DUH# DQWLFLSDWHG# WR# EH# WKH# SULPDU\
VRXUFH# RI# WKHVH# UHGXFWLRQV1# # 1XPHURXV
VHZDJH# WUHDWPHQW#SODQW#XSJUDGHV#DUH# VODWHG
IRU#WKH#UHJLRQ/#PDQ\#RI#ZKLFK#DUH#FXUUHQWO\
XQGHU#FRQVWUXFWLRQ1# #:H#XVH#GDWD#IURP#WKH
&RQQHFWLFXW#'HSDUWPHQW#RI#(QYLURQPHQWDO
3URWHFWLRQ# DQG#1HZ#<RUN#'HSDUWPHQW# RI
(QYLURQPHQWDO#&RQVHUYDWLRQ1##7KH#PDUJLQDO
FRVW#ILJXUHV#\LHOG#DQ#HVWLPDWH#RI#DYRLGHG#FRVWV
WKDW#UDQJHV#IURP#DERXW#'59#WR#'435#PLOOLRQ
SHU#\HDU1

& ,Q# 4<<9/# WKH# 7DPSD# %D\# (VWXDU\# 3URJUDP
+7%(3,# DGRSWHG# D# ILYH0\HDU# QXWULHQW
PDQDJHPHQW#JRDO#WKDW#FDSV#DQQXDO#QLWURJHQ
ORDGLQJV# DW# 4<<504<<7# OHYHOV1# # 1LWURJHQ
ORDGLQJ#WR#7DPSD#%D\#LV#H[SHFWHG#WR#LQFUHDVH
VHYHQ#SHUFHQW#E\#WKH#\HDU#5343#DV#D#UHVXOW#RI
SRSXODWLRQ# JURZWK# DQG# UHODWHG# FRPPHUFLDO
DQG#UHVLGHQWLDO#GHYHORSPHQW1##7R#RIIVHW#WKLV
JURZWK#DQG#PDLQWDLQ#FXUUHQW#QLWURJHQ#OHYHOV/
WKH# 7%(3# KDV# DVNHG# ORFDO# JRYHUQPHQWV/
DJHQFLHV/# DQG# LQGXVWULHV# WR# UHGXFH# WRWDO
QLWURJHQ# ORDGLQJV# WR# WKH# %D\# E\
DSSUR[LPDWHO\#;7#WRQV#+49;/333#SRXQGV,#SHU
\HDU# E\# WKH# \HDU# 53331# #7KH# UHVXOW# RI# WKLV
SODQQLQJ#HIIRUW#LV#WKH#1LWURJHQ#0DQDJHPHQW
$FWLRQ#3ODQ# +7%(3/# 4<<;,1# #7KLV#SODQ# OLVWV
WKH# SURMHFWV# XQGHUWDNHQ# RU# SODQQHG# E\
LQGXVWU\/# ORFDO# JRYHUQPHQWV/# DQG# DJHQFLHV
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WKDW#ZLOO#FRQWULEXWH#WR#PHHWLQJ#WKH#QLWURJHQ UHGXFWLRQ#GDWD#IURP#WKH#WKUHH#FDVH#VWXGLHV#DFURVV#DOO
PDQDJHPHQW# JRDO# IRU# 5333# DQG# EH\RQG1 (DVW#&RDVW#ZDWHUVKHGV1 #
7KHVH#SURMHFWV/#ZKLFK# WRJHWKHU# VXUSDVV# WKH
QLWURJHQ#UHGXFWLRQ#JRDO#IRU#7DPSD#%D\/#DUH#D $OWKRXJK# ZH# VLPSOLVWLFDOO\# DVVXPH# WKDW# HDFK
FRPELQDWLRQ#RI#SRLQW#DQG#QRQ0SRLQW#VRXUFH HVWXDU\#KDV#D#QLWURJHQ#EXGJHW/# WKH# WRWDO#(DVW#&RDVW
FRQWURO# PHDVXUHV1# # 7KH# QRQ0SRLQW# VRXUFH GLVSODFHG#FRVW#DQDO\VLV#GRHV#QRW#LQFOXGH#DOO#HVWXDULHV
FRQWURO# SURMHFWV# LQFOXGH# XUEDQ# VWRUPZDWHU DORQJ#WKH#$WODQWLF#&RDVW/#VLQFH#VRPH#HVWXDULHV#DUH#QRW
UHWHQWLRQ# SRQGV/#ZHWODQGV# UHVWRUDWLRQ/# DQG VHQVLWLYH#WR#QLWURJHQ# ORDGLQJV1# #&HUWDLQ#HVWXDULHV#DUH
ODQG#DFTXLVLWLRQ1##7KH#SRLQW#VRXUFH#SURMHFWV DEOH#WR#SURFHVV#ODUJH#DPRXQWV#RI#QXWULHQWV#+QLWURJHQ
IRFXV# RQ# DGYDQFHG# WUHDWPHQW# WHFKQRORJLHV DQG#SKRVSKRUXV,#ZLWKRXW#SUREOHPV/#ZKLOH#RWKHUV#DUH
VXFK#DV#%15#DW#+SXEOLFDOO\#RZQHG#WUHDWPHQW XQDEOH# WR# SURFHVV# HYHQ# ORZ# DPRXQWV# RI# QXWULHQWV1
ZRUNV#+327:V,1##)RU#H[DPSOH/#RQH#SURMHFW/ 5DWKHU#WKDQ#UHO\#RQ#QLWURJHQ#OHYHOV#WR#GHWHUPLQH#ZKLFK
SURSRVHG#IRU# LPSOHPHQWDWLRQ#DIWHU#WKH#\HDU HVWXDULHV#WR#LQFOXGH#LQ#WKH#GLVSODFHG#FRVW#DQDO\VLV/#ZH
5333/# ZLOO# LQYROYH# DGGLWLRQDO# WUHDWPHQW# RI XVH#D#PHDVXUH#RI#HXWURSKLF#VXVFHSWLELOLW\#GHYHORSHG#E\
HIIOXHQW#IURP#D#327:#SULRU#WR#UHXVH#LQ#WKH %ULFNHU# HW# DO1# +4<<<0'5$)7,/# WR# GHWHUPLQH# KRZ
UHJLRQDO#ZDWHU#VXSSO\1# #:H#HVWLPDWH#DQQXDO VHQVLWLYH# HVWXDULHV# DUH# WR#QLWURJHQ# ORDGLQJV1# #8VLQJ
DYRLGHG#FRVWV#IRU#7DPSD#%D\#UDQJLQJ#IURP WKHLU# HXWURSKLF# VXVFHSWLELOLW\# FODVVLILFDWLRQ# +ORZ/
DERXW#'44#PLOOLRQ#WR#'9;#PLOOLRQ1# PHGLXP/#DQG#KLJK,#ZH#WKHQ#H[FOXGH#HVWXDULHV#ZLWK#ORZ

7KHVH#WKUHH#HVWXDULHV#UHSUHVHQW#RQO\#D#SRUWLRQ#RI DQDO\VLV1 #
WKH#WRWDO#HVWXDULQH#DUHD#DIIHFWHG#E\#QLWURJHQ#GHSRVLWLRQ
LQ#WKH#8QLWHG#6WDWHV1##7KH#&KHVDSHDNH#%D\#DQG#/RQJ 7KH# WRWDO#GLVSODFHG#FRVWV# IRU# WKH#(DVW#&RDVW# LV
,VODQG#6RXQG#DFFRXQW#IRU#URXJKO\#53#WR#58#SHUFHQW#RI VLPSO\#WKH#VXP#RI#WKH#GLVSODFHG#FRVWV#IRU#HDFK#HVWXDU\
WKH#(DVW#&RDVW#HVWXDULQH#ZDWHUVKHG#DUHD#DGGUHVVHG#E\ DORQJ#WKH#$WODQWLF#&RDVW#FODVVLILHG#DV#PRGHUDWHO\#RU
WKH#1DWLRQDO#(VWXDU\#3URJUDP/#DQG#7DPSD#%D\# LV#D KLJKO\# VXVFHSWLEOH# WR# HXWURSKLFDWLRQ# +VHH# 7DEOH#(0
VPDOO# IUDFWLRQ# RI# WKH# WRWDO# *XOI# &RDVW# HVWXDULQH 46,1 # #7KH# ORZHU0ERXQG#HVWLPDWH#RI# '59418#PLOOLRQ
ZDWHUVKHG#DUHD1##$V#D#UHVXOW/#RXU#HVWLPDWHV#UHIOHFW#RQO\ UHSUHVHQWV#D#SRLQW#VRXUFH#FRQWURO#VWUDWHJ\1##7KH#XSSHU0
D#SDUWLDO#DQDO\VLV#RI# WKH#QDWLRQDO# LPSDFW#RI#QLWURJHQ ERXQG#HVWLPDWH#RI#'5/:99#PLOOLRQ#UHSUHVHQWV#D#VWUDWHJ\
GHSRVLWLRQ1##

Results for Total East Coast
Estuarine Area

7R#H[WUDSRODWH# WKH#UHVXOWV#RI# WKLV#DQDO\VLV# WR#DOO
(DVW#&RDVW#HVWXDULHV/#ZH#DVVXPH#DOO#HVWXDULHV#DORQJ#WKH
$WODQWLF#&RDVW#KDYH#ELQGLQJ#QLWURJHQ#EXGJHWV1# #:H
WKHQ# XVH# WKH# VDPH# JHRJUDSKLF# LQIRUPDWLRQ# V\VWHP
+*,6,#DSSURDFK#ZH#XVHG#LQ#RXU#DQDO\VLV#RI#&KHVDSHDNH
%D\/#/RQJ#,VODQG#6RXQG/#DQG#7DPSD#%D\#WR#HVWLPDWH
WRWDO#QLWURJHQ#GHSRVLWLRQ#DQG#WKH#DVVRFLDWHG#ORDGLQJV
WR# HVWXDULHV# ORFDWHG#DORQJ# WKH#$WODQWLF#&RDVW1# #7KLV
DSSURDFK#DOORZV#XV#WR#HVWLPDWH#QLWURJHQ# ORDGLQJV# LQ
WKH# \HDU# 5343# ZLWK# DQG# ZLWKRXW# &$$$# HPLVVLRQV
FRQWUROV1# #6LQFH#ZDWHUVKHG#VSHFLILF#QLWURJHQ#FRQWURO
SURJUDP# LQIRUPDWLRQ# LV# QRW# DYDLODEOH# IRU# HDFK
ZDWHUVKHG/#ZH# H[WUDSRODWH# %03# FRVW# DQG# QLWURJHQ

43

HXWURSKLF# VXVFHSWLELOLW\# IURP# WKH# GLVSODFHG# FRVW
44

45

#7KH#FRQWURO#FRVW#DQG#QLWURJHQ#UHGXFWLRQ#GDWD#LV#DYDLODEOH#LQ#WKH43

,(F#PHPRUDQGXP#WR#(3$#GDWHG#$XJXVW#59/#4<<<1

#7KLV# LQGH[# LV#EDVHG#RQ# D# YDULHW\#RI# IDFWRUV# LQIOXHQFLQJ44

VHQVLWLYLW\#RI#HVWXDULHV#WR#HXWURSKLFDWLRQ/#LQFOXGLQJ#ZDWHU#VXUIDFH
DUHD# RI# WKH# HVWXDU\/# HVWXDU\# YROXPH/# IUHVKZDWHU# LQIORZ/# WLGDO
F\FOHV/#DQG#YHUWLFDO#VWUDWLILFDWLRQ1#

#,Q#WKH#1RUWK#$WODQWLF#5HJLRQ/#%OXH#+LOO#%D\/#&DVFR#%D\/45

(QJOLVKPDQ# %D\/# .HQQHEHF2$QGURVFRJJLQ# 5LYHU/# 0HUULPDFN
5LYHU/#0XVFRQJXF#%D\/#1DUUDJXDJXV#%D\/#3HQREVFRW#%D\/# DQG
6DFR# %D\# KDYH# D# ORZ# VXVFHSWLELOLW\# WR# HXWURSKLFDWLRQ# DQG# DUH
H[FOXGHG# IURP# WKH#GLVSODFHG#FRVW# DQDO\VLV1# #$OO#HVWXDULHV# LQ# WKH
0LG# $WODQWLF# 5HJLRQ# DUH# PRGHUDWHO\# WR# KLJKO\# VHQVLWLYH# WR
HXWURSKLFDWLRQ1# # ,Q# WKH# 6RXWK# $WODQWLF# 5HJLRQ/# 1HZ# 5LYHU/
2VVDEDZ#6RXQG/#6DYDQQDK#5LYHU/#DQG#6W1#+HOHQD#6RXQG#KDYH#D
ORZ#VXVFHSWLELOLW\#WR#HXWURSKLFDWLRQ#DQG#DUH#QRW# LQFOXGHG# LQ#WKH
GLVSODFHG#FRVW#DQDO\VLV1
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Table E-13
Avoided Cost for Atlantic Coast

Watershed Pounds (2010) Source ($1000/yr.) Difference ($1000/yr.)

Reduction through Avoided Cost, 100 Nonpoint Source First,
CAAA, M illions of Percent from Point then Point Source on

Avoided Cost, from

North Atlantic
Cape Cod Bay 0.51 1,282 7,915
Great Bay 0.57 1,446 19,130
Massachusetts Bay 1.19 3,015 66,887
Sheepscot Bay 0.13 340 2,397
     Sub-Total 13.02 6,083 96,329

Mid Atlantic
Barnegat Bay 0.48 1,202 19,688
Buzzards Bay 0.78 1,976 14,429
Chincoteaque Bay 0.33 824 3,690
Delaware Bay 12.11 30,640 384,002
Delaware Inland Bays 0.18 459 4,5921

Gardiners Bay 0.64 1,624 13,929
Great South Bay 1.30 3,294 78,682
Hudson River/Raritan Bay 11.15 28,197 460,659
Narragansett Bay 1.65 4,176 65,841
New Jersey Inland Bays 1.12 2,825 28,314
     Sub-Total 29.74 75,219 1,073,8262

South Atlantic
Albemarle Sound 16.29 41,223 272,772
Altamaha River 7.24 18,315 182,591
Biscayne Bay 0.78 1,973 12,1363

Bogue Sound 0.30 756 9,426
Broad River 0.46 1,160 7,1373

Cape Fear River 6.59 16,674 171,805
Charleston Harbor 10.58 26,764 306,698
Indian River 0.76 1,926 36,045
North/South Santee Rivers 0.32 821 3,671
Pamlico Sounds 9.58 24,225 191,289
St. Andrew/St. Simons Sounds 1.18 2,974 18,2973

St. Catherines/Sapelo Sounds 0.28 721 6,525
St. Johns River 4.72 11,940 152,909
St. Marys River/Cumberland Sound 0.53 1,338 8,886
Winyah Bay 11.63 29,415 215,6121

     Sub-Total 81.07 180,225 1,595,799

Total East Coast 123.82 261,527 2,765,954

  CAAA N reductions met with agriculture, forestry, and urban BMPs (point source reductions not required).1

  Excluding Long Island Sound and Chesapeake Bay.2

  CAAA N reductions met with agriculture BMPs (further reductions not required).3
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RI# QRQSRLQW# VRXUFH# %03V/# ZLWK# IXUWKHU# QLWURJHQ
UHGXFWLRQV#IURP#SRLQW#VRXUFHV/#LI#UHTXLUHG146

7KLV# HVWLPDWH# LV# EDVHG# RQ# DQ# H[WUDSRODWLRQ# RI
QLWURJHQ# DEDWHPHQW# FRVWV# IURP# UHSUHVHQWDWLYH
ZDWHUVKHGV1##$OWKRXJK#WKLV#LV#D#EURDG#DVVXPSWLRQ/#LW
GRHV# SURYLGH# D# JURVV# HVWLPDWLRQ# RI# WKH# UDQJH# DQG
PDJQLWXGH# RI# WKH# &$$$# EHQHILWV# IRU# WKH#$WODQWLF
&RDVW#DV#D#ZKROH#DQG#LWV#FRPSRQHQW#ZDWHUVKHGV1
'XH# WR# RXU# JHQHUDO# DVVXPSWLRQV/# D# KLJK# GHJUHH# RI
XQFHUWDLQW\#LV#DVVRFLDWHG#ZLWK#WKLV#UDQJH1##)LUVW/#ZH#GR
QRW#NQRZ#HQRXJK#DERXW# WKH#QDWXUH#RI# WKH#QLWURJHQ
EXGJHWV#IRU#HDFK#HVWXDU\#DQG#LI#WKRVH#EXGJHWV#ZRXOG
EH#ELQGLQJ1##,I#QLWURJHQ#EXGJHWV#DUH#QRW#ELQGLQJ/#WKHVH
UHJLRQV#PD\#KDYH# OLWWOH# LQFHQWLYH#WR#UHGXFH#QLWURJHQ
ORDGLQJV1# # )XUWKHUPRUH/# EHFDXVH# RI# WKH# ODFN# RI
ZDWHUVKHG# VSHFLILF# FRVW# LQIRUPDWLRQ/# ZH# UHO\# RQ
DYDLODEOH# DEDWHPHQW#FRVW#GDWD# IURP# WKH#&KHVDSHDNH
%D\#DQG#/RQJ#,VODQG#6RXQG#WR#UHSUHVHQW#SRLQW#VRXUFH
DQG# QRQSRLQW# VRXUFH# XQLW# DEDWHPHQW# FRVWV# IRU# DOO
ZDWHUVKHGV#DORQJ#WKH#$WODQWLF#&RDVW1##7KH#WLJKWQHVV#RI
WKH#UDQJH#DQG#DFFXUDF\#RI#WKH#GLVSODFHG#FRVW#DQDO\VLV#LV
GHSHQGDQW# RQ# DQ# DFFXUDWH# XQGHUVWDQGLQJ# DQG
UHSUHVHQWDWLRQ# RI# WKH# QLWURJHQ# DEDWHPHQW# FRVWV
DVVRFLDWHG# ZLWK# WKH# GLIIHUHQW# SRLQW# VRXUFH# FRQWURO
RSWLRQV#DQG#QRQSRLQW#VRXUFH#%03V#LQ#HDFK#LQGLYLGXDO
ZDWHUVKHG1##/DVWO\/#ZH#XVH#PDUJLQDO#FRVW#ILJXUHV#WKDW
UHSUHVHQW#DYHUDJHV#RI#WKH#FRVWV#DVVRFLDWHG#ZLWK#FHUWDLQ
FRQWURO#PHDVXUHV1##)RU#H[DPSOH/#RXU#DJULFXOWXUH#%03
FRVW# ILJXUH# LV# D# VLPSOH# DYHUDJH# RI# VL[# GLIIHUHQW
DJULFXOWXUH# %03V/# HDFK# ZLWK# D# GLIIHUHQW# OHYHO# RI
QLWURJHQ#UHGXFWLRQ#DQG#D#GLIIHUHQW#FRVW#SHU#SRXQG#RI
QLWURJHQ# UHGXFHG1# #:KLOH#EH\RQG# WKH# VFRSH#RI# WKLV
HIIRUW/#D#PRUH#UHILQHG#DQDO\VLV#ZRXOG#XVH#PDUJLQDO#FRVW
HVWLPDWHV# EDVHG# RQ# WKH# SUHFLVH#PL[# RI# DJULFXOWXUH
%03V#WR#EH#LPSOHPHQWHG#LQ#HDFK#ZDWHUVKHG#DQG#WKH
FRVW#RI#HDFK/#DV#GHWHUPLQHG#E\#ORFDO#IDFWRUV#ZLWKLQ#WKH
ZDWHUVKHG1

Avoided Damages to Estuarine
Ecosystems

7KHRUHWLFDOO\/#D#PRGHOLQJ#V\VWHP# WKDW#GHVFULEHV
ZDWHU# TXDOLW\# FKDQJHV/# LQFOXGLQJ# ILVK# SRSXODWLRQ
G\QDPLFV# DV# D# IXQFWLRQ# RI# QLWURJHQ# LQSXW/# ZRXOG
SURYLGH#DQ#DVVHVVPHQW#RI#WKH#DYRLGHG#GDPDJHV#IURP
PLWLJDWLQJ#QLWURJHQ#GHSRVLWLRQ#+)LJXUH#(06,1##%HFDXVH
RI#FXUUHQW#PRGHOLQJ#DQG#GDWD#FRQVWUDLQWV/#KRZHYHU/
WKH# RQO\# PHDQV# WR# TXDQWLI\# WKH# GDPDJHV# RI
HXWURSKLFDWLRQ#IURP#QLWURJHQ#GHSRVLWLRQ# LV#WKURXJK
WKH#XVH#RI#VSHFLILF#ELRSK\VLFDO#LQGLFDWRUV#RI#HVWXDULQH
KHDOWK1##&KDQJHV#LQ#DQ#LQGLFDWRU/#VXFK#DV#DHULDO#H[WHQW
RI#VHDJUDVV#EHGV/#FDQ#PHDVXUH#KDELWDW#GDPDJH1##%DVHG
RQ#FKDQJHV#LQ#KDELWDW/#WKH#FKDQJH#LQ#HFRV\VWHP#VHUYLFH
IORZV#DVVRFLDWHG#ZLWK#WKDW#KDELWDW#FDQ#EH#HVWLPDWHG1##

)URP#DQ#HFRQRPLF#SHUVSHFWLYH/#WKLV#DSSURDFK#LV
XVHIXO#LQ#FDVHV#ZKHUH#KDELWDW#LV#FORVHO\#UHODWHG#WR#WKH
SURYLVLRQ# RI# HFRORJLFDO# VHUYLFH# IORZV/# VXFK# DV
FRPPHUFLDO# DQG# UHFUHDWLRQDO# ILVKLQJ# \LHOGV1# #8VLQJ
VHDJUDVV#EHGV#DV#DQ#LQGLFDWRU/#ZH#GHVFULEH#WKH#SRWHQWLDO
IRU#DYRLGLQJ#HVWXDULQH#GDPDJHV#WKURXJK#WKH#&$$$1#

6XEPHUJHG#DTXDWLF#YHJHWDWLRQ#+6$9,#LV#D#JURXS#RI
DQJLRVSHUPV# +SODQWV# WKDW#EHDU#VHHGV/#DV#RSSRVHG# WR
DOJDH/#ZKLFK# UHSURGXFH# YLD# FHOO# GLYLVLRQ,# WKDW# IRUP
H[WHQVLYH# PHDGRZV/# SURYLGLQJ# KDELWDW/# EUHHGLQJ
JURXQGV/# DQG# QXUVHU\# IRU# D# YDULHW\# RI# RUJDQLVPV
LQFOXGLQJ# ILVK/# ELUGV/# VKHOOILVK/# DQG# LQYHUWHEUDWHV
+-DFREV# HW# DO1# 4<;4>#%HOO# HW# DO1# 4<;<>#+RZDUG# HW# DO1
4<;<>#%XUNKROGHU#HW#DO1#4<<5>#2UWK#HW#DO1#4<<7,1##6$9
PHDGRZV# JLYH# FRQVLGHUDEOH# WKUHH0GLPHQVLRQDO
VWUXFWXUH#WR#WKH#VHDEHG#WKDW#SURYLGHV#VPDOO#RUJDQLVPV
ZLWK#D#SODFH#WR#KLGH#IURP#SUHGDWRUV/#DFWV#DV#D#VHGLPHQW
WUDS/#DQG#IXQFWLRQV#DV#D#EUHDNZDWHU#RIIHULQJ#QDWXUDO
VKRUHOLQH#SURWHFWLRQ#+9HUPDDW#HW#DO1#4<<;,1##$ORQJ#ZLWK
DHULDO#H[WHQW/#WKH#GHQVLW\#RI#6$9#PD\#EH#LPSRUWDQW#LQ
GHILQLQJ#WKH#KHDOWK#RI#WKH#6$9#FRPPXQLW\1

7KRXJK#D#XQLYHUVDO#QLWURJHQ06$9#UHODWLRQVKLS#KDV
QRW# EHHQ# GHULYHG/# ILHOG# GDWD# VKRZ# WKDW# LQFUHDVHG
QLWURJHQ#ORDGLQJ#KDV#EHHQ#DFFRPSDQLHG#E\#H[WHQVLYH
GHFOLQH#LQ#6$9#LQ#D#YDULHW\#RI#HVWXDULHV#+9DOLHOD#HW#DO1
4<<:># %XUNKROGHU# HW# DO1/# 4<<5># &RDVWOLQHV/# 4<<7>
9HUPDDW/# 4<<;,1# # ,Q# WKH#&KHVDSHDNH/# 6$9# DFUHDJH
GHFOLQHG#IURP#PRUH#WKDQ#:9/333#WR#DERXW#73/333#DFUHV

# ,Q# RXU# DQDO\VLV# RI# WKH# WRWDO# GLVSODFHG# FRVWV# IRU# WKH46

$WODQWLF#&RDVW/# VHYHUDO#ZDWHUVKHGV#PHHW# WKHLU#&$$$# QLWURJHQ
UHGXFWLRQ#OHYHOV#ZLWKRXW#UHO\LQJ#RQ#SRLQW#VRXUFH#FRQWUROV1
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Figure E-3
Estuary Models and Ecological Impacts of Concern

EHWZHHQ# 4;:3# DQG# 4<83/# FRQFXUUHQW#ZLWK# LQFUHDVHG ,Q#&KHVDSHDNH#%D\/#LW#LV#QRW#SRVVLEOH#WR#LGHQWLI\#D
QXWULHQW# ORDGLQJ# +&RDVWOLQHV/# 4<<7,1# #)URP# 4<83# WR VWDWLVWLFDOO\#VLJQLILFDQW#UHODWLRQVKLS#EHWZHHQ#WKHVH#WZR
4<;3/#ZKHQ#QXWULHQW#ORDGLQJ#WRRN#D#VKDUS#XSZDUG#WXUQ/ YDULDEOHV# LQ# LVRODWLRQ# EHFDXVH# RI# WKH# ODUJH# DQG
WKH#GHFOLQH#FRQWLQXHG#WR#D#ORZ#SRLQW#RI#DERXW#54/333 KHWHURJHQRXV# QDWXUH# RI# WKH# &KHVDSHDNH# %D\1
DFUHV1# #7KLV#GHFOLQH#LV#TXLWH#OLNHO\#GXH#WR#VKDGLQJ#E\ (PED\PHQWV#YDU\#JUHDWO\# LQ#SK\VLFDO#FKDUDFWHULVWLFV
H[FHVVLYH# DOJDO# JURZWK# DQG# LQFUHDVHG# JURZWK# RI LQFOXGLQJ# GHSWK# DQG# VDOLQLW\/# FRPSOLFDWLQJ# WKH
HSLSK\WLF# SODQWV# WKDW# DOVR# UHVSRQG# SRVLWLYHO\# WR UHODWLRQVKLS1##1RQHWKHOHVV/##WKH#JHQHUDO#WUHQG#KDV#EHHQ
LQFUHDVHG#QLWURJHQ#DYDLODELOLW\#+&RDVWOLQHV/#4<<7,1 DQ# LQFUHDVH# LQ# VHDJUDVV# DFUHDJH# DQG# D# GHFUHDVH# LQ

(PSLULFDO# HYLGHQFH# IURP# 7DPSD# %D\# DQG# WKH 6$9#DFUHDJH#RYHU#WKH#SDVW#WZR#GHFDGHV1
&KHVDSHDNH#%D\#VKRZ#WKDW#6$9#SRSXODWLRQV#ZLOO#OLNHO\
EHQHILW# IURP# UHGXFHG# QLWURJHQ# LQSXWV# WR# WKHVH %HFDXVH# WKH# UHODWLRQVKLSV# ZH# GHVFULEH# IURP
HVWXDULHV1##,Q#7DPSD#%D\/#WKHUH#LV#D#QRWDEOH#FRUUHODWLRQ H[LVWLQJ# GDWD# DUH# QRW# VXIILFLHQWO\# UREXVW# WR# DOORZ
EHWZHHQ# 6$9# DQG#QLWURJHQ# LQSXWV/# DV# GHVFULEHG# LQ SURMHFWLRQV#RI#6$9#FRYHUDJH#DV#D#IXQFWLRQ#RI#QLWURJHQ
)LJXUH#(071 GHSRVLWLRQ# LQ# RXU# VFHQDULRV/# ZH# XWLOL]H# DOWHUQDWLYH47

QLWURJHQ#ORDGLQJ1##)LJXUH#(048#VKRZV#WKH#FKDQJH#LQ

PHWKRGV#WR#SURYLGH#TXDQWLWDWLYH#EHQHILWV#HVWLPDWHV#LQ
WKH#IROORZLQJ#VHFWLRQ1##

# 7ZR# IDFWRU# DQDO\VLV# RI# YDULDQFH# +$129$,# DQDO\VLV47

FRQILUPV#WKLV#FRUUHODWLRQ>#VHH#(3$#4<<<#IRU#PRUH#GHWDLOV1##



Chesapeake Bay SAV
1978-1996

0

5000

10000

15000

20000

19
78

19
85

19
87

19
90

19
92

19
94

19
96

Year

H
ec

ta
re

s 
of

 S
A

V

Upper Bay

Middle Bay

Lower Bay

0
500

1000
1500
2000
2500
3000

0 500 1000 1500 2000

Annual Nitrogen Load (tons/yr)

S
ea

gr
as

s 
A

re
a 

(h
a)

The Benefits and Costs of the Clean Air Act, 1990 to 2010

E-32

Figure E-5

Figure E-4

Nitrogen Load vs. Seagrass Acreage in Tampa Bay
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Caveats and Uncertainties

7KRXJK#LW#LV#GLIILFXOW#WR#GLUHFWO\#SUHGLFW#WKH#QDWXUH
DQG# PDJQLWXGH# RI# WKH# HFRV\VWHP# LPSDFWV# RI
HXWURSKLFDWLRQ/#ZH#FRQFOXGH#WKDW#FRQWLQXHG#QLWURJHQ
LQSXWV#DW#FXUUHQW#OHYHOV#ZLOO#UHVXOW#LQ#GHOHWHULRXV#HIIHFWV1
7KH#PDMRU#FDYHDWV#DQG#XQFHUWDLQWLHV#DVVRFLDWHG#ZLWK
WKHVH#DQDO\VHV#IROORZ1#

& 2XU#QLWURJHQ# ORDGLQJ#HVWLPDWHV#DUH#GHULYHG
XVLQJ#D#KLJKO\#VLPSOLILHG#DSSURDFK#WKDW#WDNHV
LQWR#DFFRXQW#WRWDO#GHSRVLWLRQ#DQG#WKH#QLWURJHQ
UHWHQWLRQ# FKDUDFWHULVWLFV# RI# GLIIHUHQW# ODQG
XVHV1# # 6RPH# IDFWRUV# VXJJHVW# WKDW# ZH# PD\
RYHUVWDWH# ORDGLQJV# EHFDXVH# ZH# GR# QRW
FRQVLGHU# WKH# HIIHFWV# RI# QLWURJHQ# WUDYHO
WKURXJK#YDULHG#GLVWDQFHV#DQG#KHWHURJHQHRXV
JHRJUDSK\/#VXFK#DV#ULYHUV#DQG#VWUHDPV1##)RU
H[DPSOH/#DQ#DGGLWLRQDO# 53# WR# :8#SHUFHQW#RI
QLWURJHQ#LV#UHWDLQHG#GXULQJ#WUDQVSRUW#LQ#ULYHUV
DQG#VWUHDPV#++LQJD/#HW#DO1/#4<<4,1#

2WKHU#IDFWRUV#VXJJHVW#WKDW#ZH#PD\#XQGHUVWDWH
ORDGLQJV1##0RVW#VLJQLILFDQWO\/#WKH#*HRJUDSKLF
,QIRUPDWLRQ# 5HWULHYDO# $QDO\VLV# 6\VWHP
+*,5$6,# ODQG#XVH#GDWD# LQ#RXU#*,6#DQDO\VLV
ZHUH#FRPSLOHG#LQ#WKH#HDUO\#4<;3V1##,W#LV#OLNHO\
WKDW#WKH#FXUUHQW#DPRXQW#RI#XUEDQL]HG#ODQG#LV
JUHDWHU# WKDQ# WKHVH# GDWD# LQGLFDWH1
)XUWKHUPRUH/# FRQWLQXHG# GHYHORSPHQW# RI
IRUHVW#DQG#RWKHU#RSHQ#ODQG#VXJJHVWV#WKDW#ODQG
XVHV#ZLOO# FKDQJH# VLJQLILFDQWO\# LQ# WKH#SHULRG
EHWZHHQ#QRZ# DQG# 53431# #%HFDXVH#QLWURJHQ
UHPRYDO# LQ#XUEDQ# ODQG# LV# ORZ/#PRUH#UHILQHG
ODQG# XVH#GDWD# IRU# IXWXUH# \HDUV#ZRXOG# OLNHO\
OHDG#WR#JUHDWHU#HVWLPDWHV#RI#QLWURJHQ#ORDGLQJV1
:H#FRPSDUH#RXU#QLWURJHQ#ORDGLQJ#HVWLPDWHV
ZLWK#WKRVH#RI#HVWXDU\#SURJUDPV#DQG#SXEOLVKHG
OLWHUDWXUH# IRU# 4<<3# WR# YHULI\# ZKHWKHU# RXU
DSSURDFK# JHQHUDWHV# UHVXOWV# WKDW# FRUUHVSRQG
ZLWK#H[LVWLQJ#HVWLPDWHV1##)RU#WKH#&KHVDSHDNH
RXU#HVWLPDWH#RI#483#PLOOLRQ#WRQV#IDOOV#LQ#WKH
PLGGOH#RI#H[LVWLQJ#HVWLPDWHV#UDQJLQJ#IURP#8;
WR#48<#PLOOLRQ#WRQV#+(3$#4<<:H>#3DWZDUGKDQ
DQG#'RQLJLDQ#4<<:>#)LVKHU#HW#DO1#4<<;>#7\OHU
4<<;,##IRU#/RQJ#,VODQG#6RXQG#RXU#HVWLPDWH#RI
5:#PLOOLRQ#WRQV#FRUUHVSRQGV#ZLWK#WKH#H[LVWLQJ

HVWLPDWH#RI#59#PLOOLRQ#WRQV#+6WDFH\#4<<;,/#DQG
IRU#7DPSD#%D\#RXU# HVWLPDWH#RI# 6#PLOOLRQV
WRQV# LV# FORVH# WR# WKH# H[LVWLQJ# HVWLPDWH# RI# 5
PLOOLRQ# WRQV# +7%(3# 4<<;># =DUEXFN# HW# DO1
4<<7,1

& :H#EDVH#RXU#HVWLPDWHV#RI#DYRLGHG#FRVWV#RQ
VLPSOLILHG#DVVXPSWLRQV#UHJDUGLQJ#WKH#FRQWURO
PHDVXUHV#WKDW#ZRXOG#EH#HOLPLQDWHG#DV#D#UHVXOW
RI#UHGXFLQJ#DWPRVSKHULF#QLWURJHQ1##7KH#PL[
RI#QLWURJHQ#FRQWUROV#WKDW#FRXOG#EH#GLVSODFHG
ZLOO# EH# LQIOXHQFHG# E\# VWDWH# UHJXODWLRQV
DIIHFWLQJ# WUHDWPHQW# SODQWV# DQG# QRQ0SRLQW
VRXUFHV# DV# ZHOO# DV# E\# SROOXWLRQ# UHGXFWLRQ
JRDOV# IRU# GLIIHUHQW# VXE0EDVLQV# LQ# HDFK
ZDWHUVKHG1# # )RU# H[DPSOH/# ZDWHU# TXDOLW\
REMHFWLYHV#IRU#SROOXWDQWV#RWKHU#WKDQ#QLWURJHQ
PD\#UHTXLUH#FRQWUROV#WKDW#ZH#DVVXPH#FRXOG#EH
HOLPLQDWHG1##

& 6LPLODUO\/#ZH#XVH#PDUJLQDO#FRVW# ILJXUHV# WKDW
UHSUHVHQW# DYHUDJHV# RI# WKH# FRVWV# DVVRFLDWHG
ZLWK# FRQWURO#PHDVXUHV1# # )RU# H[DPSOH/# ZH
DSSO\#JHQHULF#QRQ0SRLQW#VRXUFH#FRQWURO#FRVW
HVWLPDWHV# EDVHG# RQ# D# PL[# RI# DJULFXOWXUH/
IRUHVWU\/# DQG# XUEDQ# EHVW# PDQDJHPHQW
SUDFWLFHV1# #:KLOH#EH\RQG# WKH# VFRSH#RI# WKLV
HIIRUW/# D#PRUH# UHILQHG# DQDO\VLV# ZRXOG# XVH
PDUJLQDO#FRVW#HVWLPDWHV#EDVHG#RQ#WKH#SUHFLVH
PL[# RI# EHVW# PDQDJHPHQW# SUDFWLFHV# WR# EH
LPSOHPHQWHG#LQ#HDFK#ZDWHUVKHG#DQG#WKH#FRVW
RI#HDFK/#DV#GHWHUPLQHG#E\#ORFDO#IDFWRUV#VXFK
DV# OHYHOV# RI# QLWURJHQ# LQ# VRLOV/# HYROYLQJ
DJULFXOWXUDO# SUDFWLFHV/# DQG# FKDQJLQJ
GHYHORSPHQW#SDWWHUQV1

Acidification of Freshwater
Fisheries

'XULQJ#WKH#4<:3V#DQG#4<;3V/#%DFLG#UDLQ%#FDPH#WR
EH#NQRZQ#WR#WKH#SXEOLF#DV#D#SKHQRPHQRQ#WKDW#LQMXUHV
WUHHV/# IRUHVWV/#DQG#ZDWHU#ERGLHV# WKURXJKRXW#(XURSH
DQG#LQ#VRPH#DUHDV#RI#WKH#8QLWHG#6WDWHV#DQG#&DQDGD1
2QH#RI# WKH#JRDOV#RI# WKH#&$$$#ZDV# WR#DGGUHVV# WKH
SUREOHP# RI# DFLGLILFDWLRQ# RI# WHUUHVWULDO# DQG# DTXDWLF
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HFRV\VWHPV# FDXVHG# E\# DFLGLF# GHSRVLWLRQ1# # ,Q# WKLV RQ#WKH#HIIHFWV#WKDW#PD\#RFFXU#ZLWK#GHFUHDVHV# LQ#S+
VHFWLRQ#ZH# HYDOXDWH# HFRQRPLF# EHQHILWV# DFFUXLQJ# WR EHORZ#S+#918#+(3$/#4<<8D#S1#<,1
VRFLHW\#DV#D#FRQVHTXHQFH#RI#UHGXFWLRQV#LQ#HPLVVLRQV#RI
VXOIXU#DQG#QLWURJHQ#R[LGHV#PDQGDWHG#E\#WKH#&$$$1 7KH# VHFRQG# FRPPRQO\# XVHG# PHDVXUH# RI
,Q#SDUWLFXODU/#ZH# IRFXV#RQ#D#TXDQWLWDWLYH#DQDO\VLV#RI DFLGLILFDWLRQ# LV# $FLG#1HXWUDOL]LQJ# &DSDFLW\# +$1&,/
EHQHILWV#GHULYHG#IURP#D#UHGXFWLRQ#LQ#DFLGLILFDWLRQ#RI ZKLFK#GHVFULEHV#D#ZDWHU#ERG\*V#DELOLW\# WR#QHXWUDOL]H
DTXDWLF#ERGLHV#DV#WKH\#UHODWH#WR#UHFUHDWLRQDO#ILVKLQJ#LQ DFLGV#DGGHG#WR#WKH#ZDWHU#FROXPQ1#6XUIDFH#ZDWHUV#ZLWK
WKH# $GLURQGDFNV# UHJLRQ# RI# 1HZ# <RUN# 6WDWH1# 2XU KLJKHU# $1&# DUH# JHQHUDOO\# PRUH# UHVLVWDQW# WR
DQDO\VLV#LQGLFDWHV#WKDW#E\#PLWLJDWLQJ#DFLGLILFDWLRQ#ZLWK DFLGLILFDWLRQ#DQG#HPSLULFDOO\#WHQG#WR#KDYH#KLJKHU#S+
WKH# UHJXODWLRQV# SURPXOJDWHG# XQGHU# WKH# &$$$/ OHYHOV1##$1&#LV#PHDVXUHG#LQ#PLFUR0HTXLYDOHQWV#SHU#OLWHU
FXPXODWLYH#EHQHILWV#EHWZHHQ# 4<<3#DQG# 5343#FDQ#EH +�HT2/,1##6XUIDFH#ZDWHUV#ZLWK#DQ#$1&#RI#OHVV#WKDQ#533
DFFUXHG#LQ#WKH#UDQJH#RI#'9:#WR#'798#PLOOLRQ1##8VLQJ#WKH �HT2/# DUH# FRQVLGHUHG# WR# KDYH# D# ORZ# FDSDFLW\# IRU
UHVXOWV#IURP#WKH#DFLGLILFDWLRQ#HVWLPDWHV/#LW#LV#DOVR#SODLQ QHXWUDOL]LQJ#DFLGV1##:DWHU#ERGLHV#ZLWK#DQ#$1&#RI#83
WR# VHH# WKDW# WKH# &$$$#PD\# EH# SUHYHQWLQJ# IXUWKHU �HT2/#RU#OHVV#KDYH#D#YHU\#ORZ#FDSDFLW\#IRU#QHXWUDOL]LQJ
HFRORJLFDO# LPSDFWV# IURP# DFLGLILFDWLRQ# WKDW# DUH# QRW DFLGV/#DQG#ZDWHU#ERGLHV#ZLWK#DQ#$1&#RI#3#�HT2/#RU
TXDQWLILDEOH# LQ# HFRQRPLF# WHUPV# XVLQJ# DYDLODEOH OHVV#KDYH#QR#DELOLW\#WR#QHXWUDOL]H#DFLGV#DQG#DUH#DFLGLF1
PHWKRGV1##$#PRUH#FRPSUHKHQVLYH#GHVFULSWLRQ#RI#WKLV 7KHVH#ZDWHU#ERGLHV#KDYH#QR#DELOLW\#WR#QHXWUDOL]H#DFLGV
DQDO\VLV# LV# IRXQG# LQ# (FRQRPLF# %HQHILWV# $VVHVVPHQW# RI DQG#WHQG#WR#EH#WKH#PRVW#VHQVLWLYH#IRU#ORQJ0WHUP#S+
'HFUHDVHG#$FLGLILFDWLRQ#RI#)UHVK#:DWHU#/DNHV#DQG#6WUHDPV#LQ GHSUHVVLRQV#EHORZ#913/#ZKLFK#FDQ#SURGXFH#WKH#PRVW
WKH#8QLWHG#6WDWHV#$WWULEXWDEOH# WR# WKH#4<<3#&OHDQ#$LU#$FW VHYHUH# HIIHFWV# RQ# DTXDWLF# OLIH# +(3$/# 4<<8D# S1# </
$PHQGPHQWV/#4<<305343#+,(F/#4<<<E,1 1$3$3#4<<4#S148,1
#
Acidification of Surface Waters and
Ecological Impacts

$FLGLILFDWLRQ# RI# VXUIDFH# ZDWHUV# LV# IUHTXHQWO\
GHVFULEHG# XVLQJ# WZR# PHDVXUHV1# 2QH# PHDVXUH# RI
DFLGLILFDWLRQ# LV#S+/#ZKLFK# LV#EDVHG#RQ#WKH#K\GURJHQ
LRQ#++.,#FRQFHQWUDWLRQ#IRXQG#LQ#VXUIDFH#ZDWHUV1 #7KH48

S+#RI#D#ZDWHU#VDPSOH#FDQ#UDQJH#IURP#4#WR#47#RQ#D
ORJDULWKPLF# VFDOH/#ZLWK# SXUH#ZDWHU# KDYLQJ# D# S+# RI
VHYHQ1##7KH#WHUP#DFLGLF#XVXDOO\#UHIHUV#WR#D#S+#EHORZ
VHYHQ/#LQGLFDWLQJ#KLJK#FRQFHQWUDWLRQV#RI#K\GURJHQ#LRQV
++.,1##5DLQ#ZDWHU#WKDW#LV#XQDIIHFWHG#E\#DQWKURSRJHQLF
IDFWRUV#+QDWXUDO#UDLQ,# LV#ZHDNO\#DFLGLF#+S+#813#0#913,/
GXH# WR# WKH# SUHVHQFH# RI# QDWXUDO# ZHDN# DFLGV1# #:LWK
DGGLWLRQ#RI#DFLGV#IURP#KXPDQ#DFWLYLWLHV/#KRZHYHU/#WKH
S+#RI#UDLQ#FDQ#UDQJH#IURP#618#WR#813#+1$3$3/#4<<4/
S148,1##0RVW#IUHVKZDWHU#ODNHV#DQG#VWUHDPV#KDYH#D#S+
EHWZHHQ#918#DQG#;/#LQGLFDWLQJ#WKDW#VXUIDFH#ZDWHUV#FDQ
EH#QDWXUDOO\#DFLGLF1#2QO\#D#VPDOO#SHUFHQWDJH#RI#DTXDWLF
HFRV\VWHPV#DUH#QDWXUDOO\#DFLGLF#ZLWK#S+V#EHORZ#918/
DQG#FRQFHUQV#DERXW#DQWKURSRJHQLF#DFLGLILFDWLRQ#IRFXV

$FLGLF# GHSRVLWLRQ# FDQ# OHDG# WR# WZR# NLQGV# RI
DFLGLILFDWLRQ#SURFHVVHV/#GHSHQGLQJ#RQ#WKH#GXUDWLRQ#RI
DFLGLI\LQJ#HYHQWV1#)LUVW/#FKURQLF#DFLGLILFDWLRQ#GHVFULEHV
D# VLWXDWLRQ# LQ# ZKLFK# DFLGLF# GHSRVLWLRQ# OHDGV# WR
ORQJ0WHUP#FKDQJHV# LQ# VRLO#DQG#ZDWHU#FKDUDFWHULVWLFV/
FDXVLQJ# FKURQLFDOO\# WR[LF# HQYLURQPHQWDO# HIIHFWV1
6HFRQG/# HSLVRGLF# DFLGLILFDWLRQ# LV# D# SKHQRPHQRQ# LQ
ZKLFK#VXUIDFH#ZDWHUV#H[SHULHQFH#VKRUW0WHUP#+KRXUV#WR
ZHHNV,# GHFUHDVHV# LQ# S+/# XVXDOO\# GXULQJ# H[WUHPH
K\GURORJLFDO# HYHQWV# VXFK# DV# VWRUP# GLVFKDUJH# RU
VQRZPHOW#+(3$/#4<<8D/#S1</#1$3$3/#4<<4#S14;,1#)RU
DFLG0VHQVLWLYH#ILVK#VSHFLHV# LQ#VRPH# ODNHV#RU#VWUHDPV/
IRU# H[DPSOH/# HSLVRGLF# HYHQWV# FDQ# FDXVH# FRPSOHWH
VSDZQLQJ#RU#UHFUXLWPHQW#IDLOXUHV#+(3$/#4<<8D#S143,1

7KH#PRVW#FRPSUHKHQVLYH#VXUYH\#RI#VXUIDFH#ZDWHUV
FRPHV# IURP# WKH# 1DWLRQDO# 6XUIDFH# :DWHUV# 6XUYH\
+16:6,/#ZKLFK#ZDV#FRQGXFWHG#DV#SDUW#RI#WKH#1DWLRQDO
$FLG#3UHFLSLWDWLRQ#3URJUDP#+1$3$3,1##%DVHG#RQ#WKH
UHVXOWV#IURP#WKH#16:6#VXUYH\V#RI#ODNHV#WKURXJKRXW
WKH#8QLWHG#6WDWHV/#DQ#HVWLPDWHG#715#SHUFHQW#+4/4;3,#RI
WKH#16:6#ODNHV#ZHUH#DFLGLF/#GHILQHG#DV#KDYLQJ#$1&
OHVV#WKDQ#3#�HT2O#ZLWK#S+#OHYHOV#LQ#WKH#UDQJH#RI#813#WR
8181#1HDUO\#DOO#RI#WKHVH#ODNHV#ZHUH#LQ#HDVWHUQ#SRUWLRQV
RI# WKH# 8QLWHG# 6WDWHV/# ORFDWHG# LQ# VL[# %KLJK0LQWHUHVW

7KH#S+#RI#D#ZDWHU#VDPSOH#LV#HTXDO#WR#WKH#QHJDWLYH#ORJ#RI#LWV48

K\GURJHQ#LRQ#FRQFHQWUDWLRQ=##S+ #0ORJ>+.@1
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UHJLRQV%1#7KH#VL[#DUHDV# LGHQWLILHG#DUH#1HZ#(QJODQG/ SHUFHQW,#UHGXFWLRQV#LQ#VXOIDWH#GHSRVLWLRQ#+-HQNLQV#HW#DO1
WKH#$GLURQGDFNV/#WKH#PLG0$WODQWLF#&RDVWDO#3ODLQ/#WKH 4<<3>#:ULJKW#HW#DO1#4<<7,/#ZKLOH#ZDWHUVKHG#VRLOV#PD\
PLG0$WODQWLF# +LJKODQGV/# )ORULGD/# DQG# WKH# XSSHU UHTXLUH#4830533#\HDUV#IRU#IXOO#UHFRYHU\#+&RVE\#HW#DO1
0LGZHVW1#7KH#16:6#IRXQG#WKDW#DFLGLF#GHSRVLWLRQ#LV 4<;8,1
WKH# GRPLQDQW# VRXUFH# RI# DFLG# DQLRQV# LQ# DERXW# :8
SHUFHQW#RI#WKH#DFLGLF#ODNHV#DQG#83#SHUFHQW#RI#WKH#DFLGLF %HFDXVH#DSSURSULDWH#GDWD#DUH#ODFNLQJ#WR#VLPXODWH
VWUHDPV# LQ# WKHLU# VDPSOH1# # )LJXUH# (09# GHSLFWV# WKH WKH# HPLVVLRQ# DQG# GHSRVLWLRQ# RI# DFLGLF# SROOXWDQWV
JHRJUDSKLF#UDQJHV#RI#NQRZQ#DFLGLILFDWLRQ1 EHWZHHQ# WKH# \HDUV# 5343# DQG# 5373/# ZH# XVH# WZR

7KH#HIIHFWV#RI#DFLGLW\#RQ#DTXDWLF#RUJDQLVPV#DUH
GHWHUPLQHG# E\# D#QXPEHU#RI# GLIIHUHQW#ZDWHU# TXDOLW\ & &RQVWDQW#GHSRVLWLRQ# IURP# 5343# WR# 5373# DW
YDULDEOHV/# WKH# PRVW# LPSRUWDQW# RI# ZKLFK# DUH# S+/ OHYHOV# SURMHFWHG# IRU# 5343# XQGHU# WKH
LQRUJDQLF# DOXPLQXP/# DQG# FDOFLXP1# # 7KH# FRPELQHG UHJXODWLRQV#RI#WKH#&$$$>#DQG/
HIIHFWV# RI# WKHVH# YDULDEOHV# FDQ# DGYHUVHO\# DIIHFW# WKH & &RQVWDQW#GHSRVLWLRQ# IURP# 5343# WR# 5373# DW
SK\VLRORJ\# RI# LQGLYLGXDO# RUJDQLVPV# DV# ZHOO# DV OHYHOV# SURMHFWHG# IRU# 5343# ZLWKRXW# WKH
SRSXODWLRQ0OHYHO#SDUDPHWHUV1##7KH#GLUHFW#HIIHFWV#PD\ UHJXODWLRQV#RI#WKH#&$$$1
EH#FODVVLILHG#DV#LQYROYLQJ#HLWKHU#UHFUXLWPHQW#IDLOXUH#RU
UHGXFHG# DGXOW# VXUYLYDO1# # 7KH# RXWFRPHV# RQ# WKHVH
LPSDFWV#DUH#GHFOLQLQJ#DFLG0VHQVLWLYH#ILVK#SRSXODWLRQV
DQG#D#FRQVHTXHQW#GHFOLQH#LQ#VSHFLHV#ULFKQHVV#+62627
46#S1460459,1#

Modeling Acidification

)LJXUH# (0:# VKRZV# WKH# VWDJHV# RI#PRGHOLQJ# WKH
HFRORJLFDO#DQG#HFRQRPLF#LPSDFWV#RI#DFLGLILFDWLRQ1##7KLV
DQDO\VLV#XVHV#5$'0#GHSRVLWLRQ#GDWD#IRU#WKH#\HDU#5343/
DQG#DQ#H[WHQGHG#GHSRVLWLRQ#VFHQDULR#WKDW#ZH#GHYHORS
IRU#WKH#\HDU#5373/#WR#GHPRQVWUDWH#WKH#SRVVLEOH#ODJJHG
HIIHFWV# RI# WKH# &$$$1# #:H# XVH# WKHVH# GDWD# LQ# DQ
DFLGLILFDWLRQ#PRGHO#WKDW#JHQHUDWHV#DQ#HVWLPDWH#RI#WKH
DFLGLW\#RI# ODNHV# LQ# WKH#$GLURQGDFNV1# #/DNH#DFLGLW\# LV
LQSXW#WR#DQ#HFRQRPLF#PRGHO#WKDW#HVWLPDWHV#WKH#FRVWV
WR# DQJOHUV# RI# GLPLQLVKLQJ# ODNH# ZDWHU# TXDOLW\/# DQG
FRQVHTXHQWO\#GHFOLQLQJ#ILVK#SRSXODWLRQV1

:H#XVH#WKH#VDPH#HPLVVLRQV#DQG#GHSRVLWLRQ#GDWD
IRU#WKH#SHULRG#4<<3#WR#5343#DV#LQ#HDFK#RI#RXU#RWKHU
HQGSRLQW#DQDO\VHV1##7KH#SULPDU\#GLIIHUHQFH#LV#WKDW#ZH
H[WHQG#WKH#GHSRVLWLRQ#VFHQDULRV#WR#5373# LQ#RUGHU#WR
DFFRPPRGDWH#IRU#WKH#ODJJHG#SK\VLFDO#HIIHFWV#RI#DFLG
GHSRVLWLRQ1# 7KLV# ODJ# LV# D# IXQFWLRQ# RI# PXOWLSOH
ZDWHUVKHG#DQG#ZDWHU#ERG\#FKDUDFWHULVWLFV#LQIOXHQFLQJ
UHFRYHU\#IURP#SURORQJHG#DFLGLF#GHSRVLWLRQ1#5HVXOWV#RI
YDULRXV# HIIRUWV# WR# PRGHO# IUHVKZDWHU# DFLGLILFDWLRQ
VKRZHG# WKDW# UHFRYHU\#RI#DFLGLILHG#ZDWHU#ERGLHV#FDQ
WDNH#RYHU# 83#\HDUV/#HYHQ#ZLWK# VXEVWDQWLDO# +XS# WR# :3

GHSRVLWLRQ#VFHQDULRV#IRU#WKH#SHULRG#534305373=
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Figure E-6
Percentage of Acidic Surface Waters in the National Surface Water Survey Regions



Figure E-7

Acidification of Freshwater Ecosystems

SO2 and NOx
Emissions Model

Deposition Scenario I:
Full Implementation 
of the 1990 CAAA

Deposition Scenario II:
No Implementation 
of the 1990 CAAA

MAGIC
Model

Scenario I:
% of Acidified Waterbodies

Scenario II:
% of Acidified Waterbodies

Economic
Model(s)

Scenario I:
Economic Impact
of Lake Acidification

Scenario II:
Economic Impact
of Lake Acidification

Scenario II - Scenario I =
Economic Benefit of CAAA

Critical pH
Threshold for Fish 

The Benefits and Costs of the Clean Air Act, 1990 to 2010

E-37



The Benefits and Costs of the Clean Air Act, 1990 to 2010

E-38

8VLQJ#WKHVH#GHSRVLWLRQ#VFHQDULRV/#ZH#HVWLPDWH#WKH VXUIDFH#ZDWHU# DFLGLILFDWLRQ# DUH#QRW#ZHOO#XQGHUVWRRG
H[WHQW#RI#DFLGLILFDWLRQ#LQ#WKH#$GLURQGDFNV1##7R#GR#WKLV/ +9DQ#6LFNOH# DQG#&KXUFK/# 4<<8,1# # ,QVWHDG/#ZH#XVH# D
ZH#XVH#WKH#0RGHO#RI#$FLGLILFDWLRQ#RI#*URXQGZDWHU#LQ VHQVLWLYLW\# DQDO\VLV# RI# WZR# ERXQGDU\# FRQGLWLRQV/
&DWFKPHQWV# +0$*,&,1# # 0$*,&# LV# D# OXPSHG UHSUHVHQWLQJ# D# QLWURJHQ0VDWXUDWHG# ZDWHUVKHG# DQG# D
SDUDPHWHU#PRGHO# WKDW# ZDV# RULJLQDOO\# GHYHORSHG# WR ZDWHUVKHG#ZKHUH# WHUUHVWULDO# HFRV\VWHPV# FRQWLQXH# WR
SURMHFW# WKH# ORQJ0WHUP# HIIHFWV# +L1H1/# GHFDGHV# WR XWLOL]H#WKH#PDMRULW\#RI#GHSRVLWHG#QLWURJHQ1
FHQWXULHV,#WR#VXUIDFH#ZDWHU#FDXVHG#E\#DFLGLF#GHSRVLWLRQ
+&RVE\#HW#DO/#4<;8D/#4<;8E,1# #1$3$3#DQG#WKH#$FLG 2XU#PHDQV# WR# DVVHVV# WKH# HFRQRPLF# LPSDFW# RI
5DLQ# 3URJUDP# RI#(3$# XVH#0$*,&# H[WHQVLYHO\# LQ DFLGLILFDWLRQ#LV#WR#PHDVXUH#WKH#FKDQJH#LQ#VRFLDO#ZHOIDUH
DQDO\VLV#RI#DFLGLILFDWLRQ#LQ#WKH#(DVWHUQ#8QLWHG#6WDWHV WKDW#UHVXOWV#IURP#UHGXFLQJ#WKH#TXDOLW\#RI#DYDLODEOH#ODNHV
+&KXUFK#HW#DO/#4<;<>#&KXUFK#HW#DO/#4<<5>#(3$/#4<<8,/ IRU#UHFUHDWLRQDO#ILVKLQJ1##,Q#RUGHU#WR#DFFRPSOLVK#WKLV/
WKH# UHVXOWV# RI# ZKLFK# KDYH# EHHQ# ULJRURXVO\ ZH#PXVW#GHWHUPLQH#WKH#ZDWHU#FKHPLVWU\#SDUDPHWHUV#DW
SHHU0UHYLHZHG#DQG#XVHG# LQ#SUHYLRXV#SROLF\#DQDO\VHV1 ZKLFK# GHFOLQHV# LQ# UHFUHDWLRQDO# ILVK# SRSXODWLRQV# DUH
7KH#GDWD#WKDW#0$*,&#SURGXFHV#GHVFULEH#WKH#H[WHQW#RI SHUFHSWLEOH#E\#DQJOHUV1##$V#PHQWLRQHG#HDUOLHU#LQ#WKLV
DFLGLILFDWLRQ#+L1H1/#S+#DQG#$1&#OHYHOV,#WKDW#ZLOO#RFFXU PHPRUDQGXP/#WKH#WR[LFLW\#RI#ORZ#OHYHOV#RI#S+#WR#ILVK
LQ#D#VDPSOH#RI#VHQVLWLYH#ODNHV#LQ#WKH#$GLURQGDFNV#DV#D VSHFLHV#GHSHQGV#RQ#D#YDULHW\#RI#IDFWRUV/#LQFOXGLQJ#WKH
IXQFWLRQ#RI#DFLGLF#GHSRVLWLRQ#OHYHOV1## FRQFHQWUDWLRQ#RI#LQRUJDQLF#DOXPLQXP#DQG#FDOFLXP#LQ

$V#PHQWLRQHG#HDUOLHU/#FDSDFLWLHV#RI#ZDWHUVKHGV#WR ORFDOO\#RFFXUULQJ#ILVK#VSHFLHV1#7KH#OHYHO#RI#S+#LV#QRW#D
UHWDLQ# GHSRVLWHG# VXOIXU# RU# QLWURJHQ# FRQWDLQLQJ SUHFLVH#LQGLFDWRU#RI#WKH#KDELWDELOLW\#RI#D#ODNH#IRU#ILVK1
FRPSRXQGV# DUH# DPRQJ# WKH#PRVW# LPSRUWDQW# IDFWRUV %XW#EHFDXVH# WKH# IXOO#FRPSOHPHQW#RI# UHOHYDQW#ZDWHU
LQIOXHQFLQJ# VXUIDFH# ZDWHU# DFLGLILFDWLRQ1# %HFDXVH FKHPLVWU\# YDULDEOHV# IRU# ODNHV# LQ# WKH# UHJLRQ# LV# QRW
LQFUHDVLQJ#VWDJHV#RI#QLWURJHQ#VDWXUDWLRQ#DUH# OLNHO\#WR DYDLODEOH/#ZH#DUH#IRUFHG#WR#ZRUN#ZLWK#S+#DV#D#SUR[\
OHDG#WR#GHFUHDVLQJ#QLWURJHQ0UHWHQWLRQ#FDSDFLWLHV/#LW#LV IRU#KDELWDELOLW\1# # ,Q#RUGHU# WR# DFFRPPRGDWH# IRU# WKH
QHFHVVDU\# WR#FRQVLGHU# WKHVH#HIIHFWV# LQ#RXU#PRGHOLQJ YDULDEOH#HIIHFWV#RI#S+#GXH#WR#RWKHU#ZDWHU#FKHPLVWU\
DSSURDFK1# 0$*,&/# KRZHYHU/# FXUUHQWO\# GRHV# QRW YDULDEOHV/# ZH# GHULYH# D# UDQJH# RI# S+# YDOXHV# ZKHUH
H[SOLFLWO\# UHSUHVHQW# GHWDLOHG# F\FOLQJ# RU# SURFHVVHV QHJDWLYH#HIIHFWV#RQ#ILVK#VSHFLHV#DUH#HPSLULFDOO\#NQRZQ
DIIHFWLQJ# WKH# UDWH# RI# QLWURJHQ# XSWDNH# DQG# UHOHDVH WR#RFFXU1#:H#VXPPDUL]H#WKHVH#UHVXOWV#LQ#7DEOH#(0471
EHFDXVH# SURFHVVHV# WKDW# FRQWURO# WKH# WUDQVLWLRQ# RI# D
ZDWHUVKHG#WR#D#VWDWH#RI#QLWURJHQ#VDWXUDWLRQ#OHDGLQJ#WR

WKH#ZDWHU#FROXPQ#DV#ZHOO#DV#VSHFLILF#VHQVLWLYLWLHV#RI

Table E-14
Summary of pH-Based Effects Threshold 

pH Effects Threshold pH Effects Threshold
(Low End) (High End)

Range for All Fish Species 4.2 5.8
Range of Mean Values for All Species 4.8 5.3
Range of recreationally important 4.6 5.4
species (weighted average)
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2XU# UHYLHZ# RI# WKH# HPSLULFDO# HIIHFWV# OLWHUDWXUH PRGHO 1# # 7KH# HVWLPDWLRQ# SURFHHGV# LQ# WKUHH# VWHSV1
GHPRQVWUDWHV#WKH#GLIILFXOW\#LQ#GLVFHUQLQJ#D#VLQJOH#S+ )LUVW/#D#VLWH0FKRLFH#PRGHO#GHWHUPLQHV# WKH# LPSDFW#RI
WKUHVKROG#WKDW#FRXOG#HYHU#DGHTXDWHO\#FKDUDFWHUL]H#WKH ZDWHU# TXDOLW\# DQG# RWKHU# ODNH# FKDUDFWHULVWLFV# RQ# WKH
DELOLW\#RI#D#ZDWHU#ERG\#WR#VXVWDLQ#UHFUHDWLRQDO#ILVKLQJ1 FKRLFH#RI#D#ILVKLQJ#VLWH#DPRQJ#WKH#VHW#RI#DOO#SRWHQWLDO
7KH#PRVW# ULJRURXV# XVH#RI# WKH# DYDLODEOH# GDWD#PLJKW VLWHV1#7KH#PRGHO#HVWLPDWHV#WKH#YDOXH#RI#WKH#DYDLODEOH
HPSOR\# VSHFLHV0VSHFLILF# WKUHVKROGV# DQG# DSSO\# WKHVH VHW#RI#ODNHV#WR#HDFK#1HZ#<RUN#UHVLGHQW1##,Q#WKH#VHFRQG
WKUHVKROGV# WR# LQGLYLGXDO# ODNHV# LQ# WKH# HFRQRPLF VWHS/#D#PRGHO#SUHGLFWV#ZKHWKHU#D#1HZ#<RUN#UHVLGHQW
PRGHOLQJ#GRPDLQ1##8QIRUWXQDWHO\/#LQIRUPDWLRQ#RQ#WKH ZLOO#FKRRVH#WR#ILVK#RQ#D#SDUWLFXODU#GD\1##7KLUG/#EDVHG
SUHYDOHQW#UHFUHDWLRQDOO\#LPSRUWDQW#VSHFLHV#SUHVHQW#LQ RQ#WKH#UHVXOWV#RI#WKH#VLWH0FKRLFH#DQG#ILVKLQJ#GHFLVLRQ
WKH#VDPSOH#RI#ODNHV#PRGHOHG#E\#0$*,&/#DV#ZHOO#DV#LQ PRGHOV/# LW# LV# SRVVLEOH# WR# HVWLPDWH# WKH# FKDQJH# LQ
WKH# ODUJHU# GRPDLQ# RI# ODNHV# WR# ZKLFK# WKHVH# UHVXOWV HFRQRPLF#ZHOIDUH#FDXVHG#E\#DOWHULQJ#ZDWHU#TXDOLW\#RI
ZRXOG#EH#H[WUDSRODWHG/#LV#QRW#FXUUHQWO\#DYDLODEOH1##:H WKH#ODNHV#DYDLODEOH#WR#1HZ#<RUN#UHVLGHQWV1
WKHUHIRUH#DGRSW#D#UDQJH#RI#HVWLPDWHV#RI#D#S+#WKUHVKROG
IRU#DFLGLILFDWLRQ#RI#D#ODNH#RI#813#WR#8171##7KH#UDQJH#LV :H#XVH#WKH#0RQWJRPHU\#DQG#1HHGHOPDQ#PRGHO
FRQVLVWHQW#ZLWK#D#UHDVRQDEOH#DSSUR[LPDWLRQ#RI#HIIHFWV E\# LQSXWWLQJ# 0$*,&# DFLGLILFDWLRQ# HVWLPDWHV# DQG
QRWLFHDEOH# WR# DQJOHUV1# # #.QRZOHGJH#RI# HIIHFWV#ZLWK VLPXODWLQJ# WKH# LPSDFW# RQ# DQJOHUV1# #:H# GR# QRW# UH0
FHUWDLQW\#ZRXOG#LPSO\#D#PRUH#FRQVHUYDWLYH#DVVXPSWLRQ HVWLPDWH#WKH#HFRQRPHWULF#PRGHO·V#SDUDPHWHUV#IRU#WKLV
RI#D#ORZHU#S+/#SHUKDSV#FRQVLVWHQW#ZLWK#WKH#ORZ#HQG DSSOLFDWLRQ#GXH#WR#UHVRXUFH#FRQVWUDLQWV/#WKRXJK# LW# LV
ZHLJKWHG#DYHUDJH#IRU#UHFUHDWLRQDOO\#LPSRUWDQW#VSHFLHV/ LPSRUWDQW# WR# QRWH# WKDW# WKH# PRGHO# ZDV# RULJLQDOO\
UHSRUWHG#LQ#WKH#ODVW#URZ#RI#7DEOH#(0471##:H#WKHUHIRUH HVWLPDWHG#WR#GHVFULEH#DQJOHU#UHVSRQVH#WR#DFLGLW\#DW#S+
UHSRUW# DFLGLILFDWLRQ# UHVXOWV# IRU# DQ# H[WUHPH# ORZ# HQG 913/#ZKLOH#ZH#DVVXPH#WKDW#DQJOHUV#UHVSRQG#DW#D#ORZHU
WKUHVKROG# HVWLPDWH#RI#S+# 719/#EXW#GR#QRW# LQWHUSUHW S+#OHYHO1##'DWD#IURP#0$*,&#DUH#LQSXW#WR#WKH#PRGHO
WKRVH#UHVXOWV#DV#SURYLGLQJ#XVHIXO#FHQWUDO#HVWLPDWHV#IRU LQ#WKH#IRUP#RI#D#SHUFHQWDJH#HVWLPDWH#RI#WKH#ODNHV#LQ#WKH
D#VWXG\#VSHFLILFDOO\#FRQFHUQHG#ZLWK#UHFUHDWLRQDO#ILVKLQJ1 $GLURQGDFNV#WKDW#IDOO#EHORZ#D#FKRVHQ#S+#OHYHO1##7KH

7KH# ILQDO# VWHS# LQ# RXU# DQDO\VLV# LV# WR# XVH# DQ XWLOLW\#RI#DQJOHUV#WKDW#PLJKW#ZLVK#WR#XVH#WKDW#UHVRXUFH1
HFRQRPLF# PRGHO# WKDW# PRQHWL]HV# WKH# LPSDFWV# WR %\#VLPXODWLQJ#WKH#HIIHFW#RQ#DQJOHUV*#XWLOLW\#RI#DFLGLI\LQJ
UHFUHDWLRQDO# ILVKLQJ# XQGHU# HDFK# RI# WKH# DFLGLILFDWLRQ D#SHUFHQWDJH#RI#ODNHV#ZLWKLQ#D#UHJLRQ/#WKH#PRGHO#FDQ
VFHQDULRV1##7KLV#LQYROYHV#WKH#VHOHFWLRQ#RI#DQ#HFRQRPLF FRPSXWH#WKH#HFRQRPLF# LPSDFW#RI#D#VSHFLILF# OHYHO#RI
PRGHO# WKDW# DSSURSULDWHO\# FRYHUV# WKH# HIIHFWV# RI DFLGLILFDWLRQ1# # 6XEWUDFWLQJ# WKH# HFRQRPLF# YDOXH# RI
DFLGLILFDWLRQ#RI#PXOWLSOH#VLWHV#RYHU#WKH#JHRJUDSKLF#DUHD ILVKLQJ#DW#RXU#EDVHOLQH#OHYHO#RI#DFLGLILFDWLRQ#IURP#WKDW
WKDW# LV# LPSDFWHG/# DQG# WKH#SURSHU# LQWHJUDWLRQ#RI# WKH ZKLFK#ZRXOG#RFFXU# LI#WKH#&$$$#ZHUH#SURPXOJDWHG
ZDWHU# TXDOLW\# LQIRUPDWLRQ1# # 7KH# LGHDO# IRU# WKLV SURYLGHV# DQ# HVWLPDWH# RI# WKH# EHQHILWV# DFFUXHG# WR
DSSOLFDWLRQ# LV# D# UDQGRP# XWLOLW\#PRGHO# +580,# WKDW UHFUHDWLRQDO#ILVKHUPHQ#IURP#UHGXFLQJ#DFLGLILFDWLRQ#LQ
DOORZV#IRU#WKH#VXEVWLWXWLRQ#DPRQJ#VLWHV#DQG#ILVKHULHV#DV WKH#UHJLRQ1
ZDWHU#TXDOLW\#SDUDPHWHUV#FKDQJH/#DQ#HVVHQWLDO#IHDWXUH
ZKHQ#HVWLPDWLQJ#UHFUHDWLRQDO#EHQHILWV1

9HU\# IHZ#PRGHOV# RI# WKLV# W\SH# H[LVW/# DQG# IHZHU
FRYHU#D#UHJLRQ#RI#KLJK#DFLGLILFDWLRQ#WKDW#LV#LPSDFWHG#E\
WKH#&$$$1##(IIRUWV#E\#(QJOLQ#HW#DO#+4<<4,/#0XOOHQ#DQG
0HQ]# +4<;8,/#DQG#0RUH\#DQG#6KDZ# +4<<3,#DGYDQFH
WKLV#OLQH#RI#LQTXLU\#E\#UHODWLQJ#UHJLRQDO#DFLG#GHSRVLWLRQ
WR#UHFUHDWLRQDO#ILVKLQJ#GDPDJHV/#EXW#0RQWJRPHU\#DQG
1HHGHOPDQ# +4<<:,# DUH# WKH# ILUVW# WR# XVH# GLUHFW#ZDWHU
TXDOLW\#PHDVXUHV#LQ#FRQMXQFWLRQ#ZLWK#D#UDQGRP#XWLOLW\

49

HIIHFW#RI#DFLGLILFDWLRQ#KDV#D#QHJDWLYH# LPSDFW#RQ# WKH

Acidification Results

:H# VXPPDUL]H# WKH# UHVXOWV# RI# RXU# DFLGLILFDWLRQ
SURMHFWLRQV# IURP# 0$*,&# LQ# ([KLELW# 4<1# # (DFK
VFHQDULR#GHVFULEHG#LQ#WKHVH#WDEOHV#SURYLGHV#DQ#HVWLPDWH
RI#WKH#SHUFHQWDJH#RI#ODNHV#LQ#WKH#$GLURQGDFNV#OLNHO\#WR
VXIIHU# IURP# DFLGLILFDWLRQ# JLYHQ# WKH# GHSRVLWLRQ# DQG

7KH# 0RQWJRPHU\# DQG# 1HHGHOPDQ# PRGHO# DSSOLHV# D49

WHFKQLTXH#GHYHORSHG#E\#0RUH\/#5RZH/#DQG#:DWVRQ#+4<<6,1#
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QLWURJHQ# VDWXUDWLRQ# SDUDPHWHUV# DVVLJQHG# WR# WKDW IDOOLQJ# EHORZ# D# S+# RI# 817# E\# ILYH# SHUFHQW1# #7KHVH
VFHQDULR1# # 7KH# H[KLELWV# SUHVHQW# WKH# OHYHO# RI UHVXOWV#DUH#REWDLQHG#E\#VXEWUDFWLQJ# WKH#DFLGLILFDWLRQ
DFLGLILFDWLRQ#H[SHFWHG#JLYHQ#D#VSHFLILF#WKUHVKROG#OHYHO HVWLPDWHV#IRU#WKH#\HDU#5343#ZLWKRXW#WKH#&$$$#IURP
RI#DFLGLW\#+S+#719/#813/#RU#817,/#FRYHULQJ#XQFHUWDLQW\ WKH#DFLGLILFDWLRQ#HVWLPDWH# IRU#5343#ZLWK# WKH#&$$$1
DVVRFLDWHG#ZLWK#WKH#LPSDFWV#RI#DFLGLW\#RQ#D#UDQJH#RI 1RWH#WKDW#ZH#RQO\#FRPSDUH#VFHQDULRV#ZLWK#FRQVLVWHQW
DTXDWLF#VSHFLHV1 QLWURJHQ#VDWXUDWLRQ#SDUDPHWHUV1##2QH#FDQ#QRW#UHOLDEO\

7DEOH# (048# VKRZV# WKDW# LQ# WKH# \HDU# 5343/# WKH QLWURJHQ0VDWXUDWHG# ZDWHUVKHG# LQ# RQH# GHSRVLWLRQ
&$$$#FDQ#EH#H[SHFWHG#WR#UHGXFH#WKH#QXPEHU#RI#ODNHV VFHQDULR#ZLWK#D#QRQ0VDWXUDWHG#ZDWHUVKHG# LQ#DQRWKHU
ZKRVH#S+#IDOOV#EHORZ#719#E\#]HUR#SHUFHQW/#EHORZ#813 GHSRVLWLRQ#VFHQDULR1#
E\#RQH#WR#IRXU#SHUFHQW/#DQG#WKH#SHUFHQWDJH#RI# ODNHV

FRPSDUH# WKH# LPSDFWV# RI# DFLGLILFDWLRQ# RQ# D

Table E-15
Acidification Results - 2010

Year Status of CAAA Level of N Percentage of Lakes Acidified at
Saturation Selected pH Levels

pH 4.6 pH 5.0 pH 5.4

1990 No CAAA 0% 5% 20%
(Base Year) Regulations

Promulgated

2010 With CAAA No Saturation 0% 2% 18%

Saturated 0% 5% 17%

Without CAAA No Saturation 0% 6% 23%

Saturated 0% 6% 22%

Range of Benefits from C AAA in 0% 1%-4% 5%
2010

$FLG# GHSRVLWLRQ# EHWZHHQ# 4<<3# DQG# 5343# DOVR SUHVHQWDWLRQ#XVHG#IRU#WKH#DFLGLILFDWLRQ#GDWD/#WKH#UDQJH
FRQWULEXWHV#WR#ODJJHG#DFLGLILFDWLRQ#LPSDFWV#DIWHU#53431 RI#DQQXDO#EHQHILWV#IURP#WKH#&$$$#LV#'45#PLOOLRQ#WR
0$*,&# HVWLPDWHV# WKDW# D# VLJQLILFDQW# DPRXQW# RI '7<#PLOOLRQ#XVLQJ#DQ#HIIHFWV#WKUHVKROG#RI#S+#813/#DQG
DFLGLILFDWLRQ#EHWZHHQ#5343#DQG#5373#LV#DYRLGHG#E\#WKH ';5#WR#';;#PLOOLRQ#IRU#DQ#HIIHFWV#WKUHVKROG#RI#S+#8171
&$$1##7KLV#LV#DQ#DUHD#WKDW#UHTXLUHV#IXUWKHU#UHVHDUFK#LQ 7KHVH#UHVXOWV#FRUUHVSRQG#WR#SUHYLRXV#DQDO\VHV#+(QJOLQ
RUGHU#WR#IXOO\#TXDQWLI\#WKHVH#LPSDFWV1 HW#DO/#4<<4>#0XOOHQ#DQG#0HQ]/#4<;8>#0RUH\#DQG#6KDZ/

Economic Results

$V#DFLGLILFDWLRQ#RI#WKH#$GLURQGDFNV#LV#UHGXFHG#E\
WKH#&$$$/#HFRQRPLF#EHQHILWV#DFFUXH#WR#VRFLHW\1##,Q
DQQXDO#WHUPV/#WKH#HFRQRPLF#EHQHILWV#RI#WKH#&$$$#LQ
5343#DUH#VXPPDUL]HG#LQ#7DEOH#(0491##)ROORZLQJ#WKH

4<<3,#WKDW#ILQG#DQQXDO#EHQHILWV#WR#WKH#$GLURQGDFNV#RI
KDOYLQJ# XWLOLW\# HPLVVLRQV# LQ# WKH#PLOOLRQV# WR# WHQV# RI
PLOOLRQV#RI#GROODUV1##:H#GR#QRW#SURYLGH#DQ#HFRQRPLF
DVVHVVPHQW#RI#DFLGLW\#LQ#5373/#DV#WKH#EHKDYLRUDO#PRGHO
LV# QRW# VXIILFLHQWO\# UREXVW# WR# HVWLPDWH# HFRQRPLF
LPSDFWV#83#\HDUV#LQWR#WKH#IXWXUH1
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Table E-16
Annual Economic Impact of Acidification in 2010
(Millions of 1990 Dollars)

Year Status of Level of N Economic Impact of Acidification
CAAA Saturation at Each pH Threshold

pH 5.0 pH 5.4

1990 No CAAA $61 $320
(Base Year) Regulations

Promulgated

2010 With CAAA No Saturation $24 $281

Saturated $61 $261

Without CAAA No Saturation $73 $363

Saturation $73 $349

Range of C AAA B enefits in 2010 $12-$49 $82-$88

:H# FDOFXODWH# WKH# FXPXODWLYH# HFRQRPLF#EHQHILWV
IURP#WKH#&$$$#E\#VXPPLQJ#WKH#GLIIHUHQFH#EHWZHHQ
WKH# GLVFRXQWHG# DQQXDO# HFRQRPLF# LPSDFW# RI
DFLGLILFDWLRQ#ZLWK#DQG#ZLWKRXW# WKH#&$$$# IRU#HYHU\
\HDU# IURP# 4<<3# WR# 53431 # # # :H# SHUIRUP# WKLV4:

FDOFXODWLRQ#IRU#WKH#PLQLPXP#DQG#PD[LPXP#YDOXHV#IRU
HDFK# RI# WKH# WKUHH# S+# WKUHVKROGV# IRU# VXUYLYDO# RI
UHFUHDWLRQDO# ILVK# VSHFLHV/# DVVXPLQJ# D# VWUDLJKW# OLQH
LQFUHDVH#LQ#WKH#OHYHO#RI#DFLGLILFDWLRQ#EHWZHHQ#4<<3#DQG
WKH# 5343# OHYHO# IRU# HDFK# VFHQDULR1# #:H# SUHVHQW# WKH
UHVXOWV# DV# D# FXPXODWLYH#QHW#SUHVHQW#YDOXH# FDOFXODWHG
ZLWK# 4<<3# DV# WKH# EDVH# \HDU# +L1H1# FRVWV# LQ# 5343# DUH
GLVFRXQWHG#RYHU#53#\HDUV,1##$V#LQGLFDWHG#LQ#7DEOH#(04:/
WKH#UDQJH#RI#FXPXODWLYH#SRWHQWLDO#EHQHILWV#IURP#WKH
&$$$#EHWZHHQ#4<<3#DQG#5343#LV#IURP#'9:#WR#'798
PLOOLRQ1

7KH#IRUPXOD#LV#6#+F 0I ,2+4.U,4:
W W

W

:KHUH= F#  # HFRQRPLF# LPSDFW# LQ# WKH# EDVHOLQH/# RU
FRXQWHUIDFWXDO#FDVH>
I#  # HFRQRPLF# LPSDFW# ZLWK# WKH# &$$$/# RU# WKH
IDFWXDO#FDVH>#
W# #WKH#\HDU/#ZKHUH#4<<3#LV#\HDU#4>
U# #WKH#VRFLDO#GLVFRXQW#UDWH/#LQ#WKLV#FDVH#ZH#XVH#8(1
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Table E-17
Cumulative Economic Benefits of Acidification from 1990 to 2010
(Millions of 1990 Dollars)

Economic Impact of Acidification at Each pH Threshold
pH 5.0 pH 5.4

CAAA B enefit Minimum $67 $433
CAAA B enefit Maximum $271 $465

Avoided Cost of Liming

$Q#DGGLWLRQDO#IDFWRU#WKDW#PXVW#EH#FRQVLGHUHG#LQ
OLJKW# RI# WKH# FRQWH[W# RI# HFRQRPLF# GDPDJHV# IURP
DFLGLILFDWLRQ# LV# WKH# SRVVLELOLW\# RI# PLWLJDWLQJ# WKHVH
GDPDJHV# E\# ORFDO# PHDQV1# # ,Q# WKH# FDVH# RI# WKH
$GLURQGDFNV/#DFLGLF#ODNHV#DUH#V\VWHPDWLFDOO\#OLPHG#LQ
RUGHU# WR# UDLVH# S+# DQG# LPSURYH# KDELWDELOLW\# IRU
UHFUHDWLRQDO#ILVK#VSHFLHV/#ZKLFK#FDQ#EH#VWRFNHG#DIWHU
OLPLQJ1# #7KLV#DOWHUQDWLYH# LV#FRVWO\# IRU# ORFDO# UHVRXUFH
PDQDJHUV/# DQG# GLIILFXOW# WR# FRQGXFW# LQ# PRVW
$GLURQGDFN#ODNHV#ZLWK#OLPLWHG#DFFHVV/#EXW#LW#GRHV#VHUYH
WR# ORFDOO\# PLWLJDWH# WKH# GDPDJHV# FDXVHG# E\# DFLG
GHSRVLWLRQ1# #1DWXUDOO\/#GDPDJHG#DTXDWLF#HFRV\VWHPV
FDQ#QRW#EH#HQWLUHO\#UHSODFHG#E\#OLPLQJ#DQG#UHVWRFNLQJ/
EXW#LPSDFWV#WR#UHFUHDWLRQDO#ILVKLQJ#PD\#EH#PLQLPL]HG1
&XUUHQWO\#D#OLPLWHG#QXPEHU#RI#ODNHV#DUH#OLPHG#LQ#WKH
$GLURQGDFNV1#,Q#WKLV#VHFWLRQ#ZH#H[DPLQH#WKH#HFRQRPLF
LPSOLFDWLRQV# RI# WKLV# SUDFWLFH# DQG# GHPRQVWUDWH# WKDW
OLPLQJ#ZLOO#EH#QHFHVVDU\#ERWK#ZLWK#DQG#ZLWKRXW# WKH
&$$$1

7KH# JRDO# RI# OLPLQJ# LQ# WKH# $GLURQGDFNV# LV# WR
PLWLJDWH#WKH#HIIHFWV#RI#DFLGLILFDWLRQ#E\#WKH#DGGLWLRQ#RI
DFLG# QHXWUDOL]LQJ# SURGXFWV# LQ# VHOHFWHG# ZDWHUV# WR
PDLQWDLQ# DQG2RU# UHVWRUH# EURRN# WURXW# SRSXODWLRQV1
:DWHUV#PD\#EH#FRQVLGHUHG#IRU#OLPLQJ#DQG#UH0VWRFNLQJ/
LI# WKH# S+# GURSV# EHORZ# 9131 # # 7KH# SUHVHQW# OLPLQJ4;

SURJUDP#LV#OLPLWHG#LQ#VFRSH#GXH#WR#SROLF\#FRQVWUDLQWV/
HQYLURQPHQWDO#UHJXODWLRQV/#DQG#IDFWRUV#DIIHFWLQJ#WKH
HFRQRPLF#IHDVLELOLW\1#:LWK#D#IHZ#H[FHSWLRQV/#ODNHV#DUH
W\SLFDOO\#QRW#OLPHG/#LI#DQ\#RI#WKH#IROORZLQJ#DSSOLHV=#WKH
ZDWHU#LV#FRQVLGHUHG#QDWXUDOO\#DFLGLF>#WKH#IOXVKLQJ#UDWH#LV
JUHDWHU# WKDQ# WZR# WLPHV# D# \HDU># WKH# ZDWHU# ZLOO# QRW

VXSSRUW#EURRN#WURXW#UHJDUGOHVV#RI#WKH#S+#RI#WKH#ZDWHU>
RU/#OLPLQJ#RI#WKH#ZDWHU#ZRXOG#EH#WRR#H[SHQVLYH/#GXH#WR
LWV#UHPRWH#ORFDWLRQ14<

,W#LV#QRW#SRVVLEOH#WR#SUHGLFW#WKH#QXPEHU#RI#ODNHV
WKDW# WKH#1HZ#<RUN#'HSDUWPHQW#RI#(QYLURQPHQWDO
&RQVHUYDWLRQ#+1<6'(&,#ZRXOG#FKRRVH#WR#OLPH#DQG
UHVWRFN#LQ#5343#EDVHG#RQ#WKH#DYDLODEOH#GDWD/#EXW#ZH#FDQ
HVWLPDWH# WKH# SRWHQWLDO# FRVWV# DQG# LPSDFWV# LI# WKH
SURJUDP#UHPDLQV#FRQVWDQW#IURP#4<<3#WR#5343/#RU#LI#LW
JURZV#DW#1<6'(&*V#SURSRVHG#UDWH#RI#WZR#DGGLWLRQDO
ODNHV#SHU#\HDU1##,Q#4<<3#DSSUR[LPDWHO\#58#SHUFHQW#RI
WKH#UHJLRQ*V#ODNHV#VXIIHUHG#D#S+#EHORZ#913/#DFFRUGLQJ
WR#0$*,&/#DQG#1<6'(&#OLPHG#DQG#PRQLWRUHG#65
ODNHV#DQG# UHVWRFNHG# 631#0$*,&#HVWLPDWHV# WKDW# WKH
VDPH#SHUFHQWDJH#RI#ODNHV#ZLOO#PDLQWDLQ#D#S+#EHORZ#913
LQ#5343/#ERWK#ZLWK#DQG#ZLWKRXW#WKH#&$$$1##7DEOH#(0
4;# SUHVHQWV# WKH# FXPXODWLYH# FRVWV# DVVRFLDWHG# ZLWK
OLPLQJ#ODNHV#LQ#WKH#UHJLRQ#IURP#4<<3#WR#53431

3HUVRQDO#FRPPXQLFDWLRQV#ZLWK#/DUU\#6WUDLJKW/#5LFN#&RVWDQ]D 6WUDLJKW/#5LFN#&RVWDQ]D# +ERWK#DW#1<6'(&/#5HJLRQ#8,/#DQG#%LOO4;

+1<6'(&/#5HJLRQ#8,/#DQG#%LOO#*RUGRQ#+1<6'(&/#5HJLRQ#9,1# *RUGRQ#+1<6'(&/#5HJLRQ#9,1#

1<6'(&/#4<<3#DQG#SHUVRQDO#FRPPXQLFDWLRQV#ZLWK#/DUU\4<
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Table E-18
Cumulative Cost of Ph Stabilization from 1990 to 2010
(Millions of 1990 Dollars)

Number Cost of Cost of
of Lakes Liming Cost of Monitoring Stocking Total Cost

Program Remains  
Constant

32 $0.11 $0.07 $0.23 $0.40

Program Grows by
Two Lakes per Year

72 $0.16 $0.10 $0.35 $0.61

8QGHU#WKH#FXUUHQW#SODQ#WR# OLPH# ODNHV#ZLWK#D#S+ DFLGLILFDWLRQ#ZLWK#WKH#UHJXODWLRQV#SURPXOJDWHG#XQGHU
EHORZ# 913/# WKLV# SUDFWLFH# ZLOO# FRQWLQXH# XQGHU# ERWK WKH#&$$$/#EHQHILWV#FDQ#EH#DFFUXHG#LQ#WKH#KXQGUHGV#RI
VFHQDULRV# RI# RXU# DQDO\VLV# 0# ZLWK# DQG# ZLWKRXW# WKH PLOOLRQV#RI#GROODUV1
&$$$1# # 7KHUHIRUH/# OLPLQJ# FRVWV# ZLOO# EH# LQFXUUHG
UHJDUGOHVV#RI# UHJXODWRU\# HIIRUWV1# #:KDW#ZH# FDQ#QRW 7KH# OLPLWDWLRQV# WKDW# DIIHFW# WKHVH# HVWLPDWHV# DUH
GHWHUPLQH#LV#WKH#LPSDFW#WKDW#OLPLQJ#PD\#KDYH#RQ#RXU FDXVHG#E\#GDWD#DQG#FRPSXWDWLRQDO#FRQVWUDLQWV#DW#HDFK
DYRLGHG#GDPDJHV#DQDO\VLV1# #,W# LV#SRVVLEOH#WKDW# OLPLQJ VWDJH#RI# WKH#VLPXODWLRQ#SURFHVV1# #:H#GHWDLO#HDFK#RI
ODNHV#ZLWK#WKH#JUHDWHVW#UHFUHDWLRQDO#SRWHQWLDO#ZLOO#RIIVHW WKHVH# OLPLWDWLRQV#EHORZ/#DQG# LQGLFDWH#WKH#GLUHFWLRQDO
WKH#PDMRULW\# RI# HFRQRPLF# LPSDFWV# RI# DFLGLILFDWLRQ/ ELDV#WKHVH#OLPLWDWLRQV#PD\#FUHDWH#LQ#RXU#ILQDO#EHQHILWV
WKRXJK#GXH#WR#WKH#VWUXFWXUH#RI#RXU#HFRQRPLF#PRGHOLQJ HVWLPDWHV1
DSSURDFK#LW#LV#QRW#SRVVLEOH#WR#WHVW#WKLV#K\SRWKHVLV#DW
SUHVHQW1##2Q#WKH#RWKHU#KDQG/#LW#LV#LPSRUWDQW#WR#QRWH
WKDW# OLPLQJ# LV#IHDVLEOH#RQO\#RQ# ODNHV#ZKHUH#DFFHVV# LV
YHU\#HDV\/#DQG#WKHUHIRUH#LV#OLPLWHG#LQ#WKH#VFRSH#RI#LWV
LPSDFW1##)XUWKHUPRUH/#DV#SUHYLRXVO\#VWDWHG/#OLPLQJ#LV#D
VWRS0JDS#PHDVXUH# WKDW# LV#ERWK# WHPSRUDU\#DQG#QRW#D
FRPSOHWH# VXEVWLWXWH# IRU# UHVWRULQJ#QDWXUDO#HFRV\VWHP
FRQGLWLRQV1

Caveats and Uncertainties

7KH# LPSDFWV# RI# DFLG# GHSRVLWLRQ# LQ# WKH# HDVWHUQ
8QLWHG# 6WDWHV# LQFOXGH# ERWK# WHUUHVWULDO# DQG# DTXDWLF
HFRV\VWHP# GDPDJHV1# # 0DQ\# RI# WKHVH# HIIHFWV# DUH
GLIILFXOW# WR# PHDVXUH/# DQG# PRVW# DUH# LPSRVVLEOH# WR
PRQHWL]H#JLYHQ#FXUUHQW#PHWKRGV1# #7KH#UHVXOW# LV#WKDW
RXU# DQDO\VLV# WUHDWV# D# YHU\# QDUURZ# GHILQLWLRQ# RI# WKH
LPSDFW#RI#DFLGLILFDWLRQ1##$#IDU#PRUH#EURDG#GHILQLWLRQ
ZRXOG# LQFOXGH# FRVWV# DVVRFLDWHG# ZLWK# GDPDJLQJ# WKH
LQWHJULW\#RI#WHUUHVWULDO#DQG#DTXDWLF#HFRV\VWHPV/#PDQ\#RI
ZKLFK#DUH#QRW#TXDQWLILDEOH#DW#WKLV#WLPH1##1HYHUWKHOHVV/
RXU# FDVH# VWXG\# RI# WKH# $GLURQGDFNV# UHJLRQ
GHPRQVWUDWHV#WKDW#WKH#&$$$#LV#JHQHUDWLQJ#VXEVWDQWLDO
HFRQRPLF# EHQHILWV# LQ# MXVW# WKH# QDUURZ# VFRSH# RI
UHFUHDWLRQDO# ILVKLQJ1# # 2XU# DQDO\VLV# VWDWHV# WKDW# E\
PLWLJDWLQJ#WKH#LPSDFWV#WR#UHFUHDWLRQDO#ILVKHULHV#IURP

Emissions, Deposition, and
Acidification Estimates

(DFK# RI# WKH# PRGHOV# WKDW# FRQWULEXWH# WR# WKH
DFLGLILFDWLRQ# HVWLPDWHV# +L1H1# WKH# HPLVVLRQV# PRGHO/
5$'0/#DQG#0$*,&,#KDV#EHHQ#ULJRURXVO\#WHVWHG1##)RU
H[DPSOH/#0$*,&#HVWLPDWHV#RI#DFLGLILFDWLRQ#KDYH#EHHQ
WHVWHG#H[WHQVLYHO\#LQFOXGLQJ#WKH#IROORZLQJ#SURFHGXUHV=
LQGLYLGXDO# SURFHVV# IRUPXODWLRQV# LQ# WKH#PRGHO# KDYH
EHHQ#WHVWHG#DJDLQVW#ODERUDWRU\#H[SHULPHQWV#ZLWK#VRLOV>
PRGHO#KLQGFDVWV#RI#KLVWRULFDO#ODNH#FKHPLVWULHV#LQ#WKH
$GLURQGDFNV# KDYH# EHHQ#PDGH# DQG# FRPSDUHG# ZLWK
YDOXHV# LQIHUUHG# IURP# ODNH# VHGLPHQW# UHFRUGV># DQG/
SUHGLFWLRQV# RI# WKH# HIIHFWV# IURP# ZKROH0ZDWHUVKHG
PDQLSXODWLRQV# KDYH# EHHQ# FRPSDUHG# WR# REVHUYHG
HIIHFWV1# #1HYHUWKHOHVV/# LW# LV# ZHOO# GRFXPHQWHG# WKDW
0$*,&# HVWLPDWHV# VXIIHU# IURP# XQTXDQWLILHG
XQFHUWDLQW\/#SDUDPHWHUL]DWLRQ/#DQG#YDOLGDWLRQ#SUREOHPV
+(3$/#4<<8,1

,W# LV#EH\RQG# WKH#VFRSH#RI# WKLV#UHSRUW# WR#GLVVHFW
0$*,&/# 5$'0/# RU# WKH# HPLVVLRQV# SURMHFWLRQV# WR
LGHQWLI\# IDFWRUV# WKDW# PLJKW# DIIHFW# WKHLU# UHVXOWV1
)XUWKHUPRUH/# LW# LV# QRW# SRVVLEOH# WR# TXDQWLI\# WKH
FXPXODWLYH#XQFHUWDLQW\#WKDW#SURSDJDWHV#LQ#WKH#OLQNLQJ
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RI#WKHVH#PRGHOV#WR#SURYLGH#DFLGLILFDWLRQ#HVWLPDWHV1##,W
LV# VXIILFLHQW# WR#QRWH# WKDW# WKH# DFLGLILFDWLRQ# HVWLPDWHV
JHQHUDWHG#E\#0$*,&#VKRXOG#EH#WUHDWHG#ZLWK#SURSHU
FDXWLRQ/# DSSO\LQJ# VHQVLWLYLW\# DQDO\VLV# WR# DQ\# IXUWKHU
PRGHOLQJ#ZRUN#WKDW#XVHV#WKHVH#GDWD#DV#LQSXW1##6HYHUDO
OLPLWDWLRQV#DUH#GHWDLOHG#EHORZ1

& :H#FRQVLGHU#WKH#SRWHQWLDO#HIIHFWV#RI#QLWURJHQ
VDWXUDWLRQ#RQ#ODNH#DFLGLILFDWLRQ#E\#SHUIRUPLQJ
VHQVLWLYLW\# DQDO\VLV# RI# WZR# ERXQGDU\
FRQGLWLRQV/#UHSUHVHQWLQJ#D#QLWURJHQ0VDWXUDWHG
ZDWHUVKHG# DQG# D#ZDWHUVKHG#ZLWK# FRPSOHWH
QLWURJHQ#XSWDNH1#:KLOH#WKLV#DSSURDFK#DOORZV
XV#WR#HVWLPDWH#WKH#UDQJH#RI#HIIHFWV#QLWURJHQ
VDWXUDWLRQ# PD\# KDYH# RQ# DFLGLILFDWLRQ# RI
VXUIDFH#ZDWHUV/#LW#GRHV/#KRZHYHU/#QRW#DFFRXQW
IRU# WKH# IDFW# WKDW# QLWURJHQ# VDWXUDWLRQ# LV# D
FRQWLQXRXV# SURFHVV# OHDGLQJ# WR# LQFUHDVHG
OHDFKLQJ# RI# QLWURJHQ# FRPSRXQGV# DV# D
ZDWHUVKHG# SURJUHVVHV# WKURXJK# WKH# YDULRXV
VWDJHV#RI#QLWURJHQ#VDWXUDWLRQ#+VHH#IRU#H[DPSOH=
6WRGGDUG/#4<<7,1

& 7KH# VDPSOH#RI# ODNHV# VLPXODWHG#E\#0$*,&
PXVW#EH#H[WUDSRODWHG#WR#WKH#HQWLUH#SRSXODWLRQ
RI#ODNHV#LQ#WKH#UHJLRQ1##,Q#RUGHU#WR#VLPXODWH
WKH# FRPSOH[# K\GURORJLFDO/# ELRORJLFDO/# DQG
FKHPLFDO# G\QDPLFV# RI# ODNHV/# LQWHQVLYH# GDWD
FROOHFWLRQ#LV#UHTXLUHG/#IRUFLQJ#WKH#GHYHORSHUV
RI#0$*,&#WR#OLPLW#WKH#QXPEHU#RI#VLPXODWHG
ODNHV#WR#RQO\#661##7KLV#VDPSOH#UHSUHVHQWV#ODNHV
ZLWK# DQ# $1&# RI# OHVV# WKDQ# 733
PLFURHTXLYDOHQWV# SHU# OLWHU# +�(T2/,1# #/DNHV
ZLWK# JUHDWHU# $1&# DUH# EHOLHYHG# QRW# WR# EH
YXOQHUDEOH# WR# DFLGLILFDWLRQ# IURP# DFLG
GHSRVLWLRQ1# # 7KH# UHVXOWV# IURP# 0$*,&
WKHUHIRUH#DUH#RQO\#DSSOLFDEOH# WR# WKRVH# ODNHV
ZLWK#$1&#OHVV#WKDQ#733#�(T2//#EXW#ZH#KDYH
QR#DVVXUDQFH#WKDW#WKH#VDPSOH#RI#66# ODNHV# LV
UHSUHVHQWDWLYH# RI# WKH# GLVWULEXWLRQ# RI# ODNH
$1&# OHYHOV#EHORZ# 733# �(T2/# LQ# WKH# WRWDO
SRSXODWLRQ1##,Q#DGGLWLRQ/#ZH#DUH#IRUFHG#WR#XVH
S+#:#DV#D#SUR[\#IRU#$1&#733#�(T2/#ZKHUH
$1&#GDWD#LV#QRW#DYDLODEOH1##7KRXJK#S+#DQG
$1&# DUH# FRUUHODWHG/# WKHUH# LV# VLJQLILFDQW
YDULDQFH#LQ#WKLV#UHODWLRQVKLS1#

Ecological Factors

,Q#WKH#HFRORJLFDO#DVVHVVPHQW#WZR#PDMRU#OLPLWDWLRQV
DULVH1# # ,W# LV#QRW#SRVVLEOH# WR# DGGUHVV# HLWKHU#RI# WKHVH
OLPLWDWLRQV#ZLWK#VHQVLWLYLW\#DQDO\VHV/#VR#LW#LV#LPSRUWDQW
WR#NHHS#LQ#PLQG#WKDW#UHVXOWV#PD\#EH#ELDVHG#E\#WKHVH
IDFWRUV1

& $FLGLF#HSLVRGHV#PD\#VLJQLILFDQWO\#DIIHFW#ILVK
SRSXODWLRQV1# 7KH\# DUH/# KRZHYHU/# QRW
FRQVLGHUHG#LQ#RXU#DQDO\VLV#GXH#WR#VLJQLILFDQW
OLPLWDWLRQV#RI#RXU#DELOLW\# WR#PRGHO#HSLVRGLF
HYHQWV1

& ,W#LV#ZHOO#GRFXPHQWHG#WKDW#S+#LV#QRW#WKH#RQO\
IDFWRU#WKDW#GHWHUPLQHV#ILVK#VXUYLYDO/#DOWKRXJK
ZH# GR# XVH# LW# DV# WKH# VLQJOH# LQGLFDWRU# IRU
HFRORJLFDO# KHDOWK1# # 7KLV# RYHUORRNV# WKH
LPSRUWDQFH#RI#RWKHU# FRPSRQHQWV#RI#ZDWHU
FKHPLVWU\# VXFK# DV# DOXPLQXP# DQG# FDOFLXP
FRQFHQWUDWLRQV1# #7KLV# LV# QHFHVVDU\# EHFDXVH
WKHUH#LV#LQVXIILFLHQW#GDWD#IRU#RXU#JHRJUDSKLF
UHJLRQ#WR#GHYHORS#D#VXIILFLHQWO\#VRSKLVWLFDWHG
HFRORJLFDO0HFRQRPLF# PRGHO# WKDW# ZRXOG
FRQVLGHU#DOO#WKHVH#YDULDEOHV1##%HFDXVH#ZH#WHVW
VHYHUDO#S+#WKUHVKROGV#DW#ZKLFK#DQJOHUV#PLJKW
SHUFHLYH# GHFOLQLQJ# ILVK# SRSXODWLRQV/# WKLV
VLPSOLILFDWLRQ#RI#HFRV\VWHP#G\QDPLFV#VKRXOG
QRW#ELDV#RXU#ILQDO#HFRQRPLF#HVWLPDWHV1

Economic Estimates

7KH# HFRQRPLF#PRGHO# LV# DOVR# VXEMHFW# WR# VRPH
XQFHUWDLQW\#WKDW#PD\#ELDV#RXU#PRQHWDU\#UHVXOWV1##$JDLQ/
LW# LV#QRW#SRVVLEOH# WR#DGGUHVV#DOO#RI# WKHVH# OLPLWDWLRQV
ZLWK#VHQVLWLYLW\#DQDO\VHV/#VR#LW#LV#LPSRUWDQW#WR#NHHS#LQ
PLQG#WKDW#UHVXOWV#PD\#EH#ELDVHG#E\#WKHVH#IDFWRUV1

& 7KLV#DQDO\VLV#LQFOXGHV#RQO\#GD\#WULSV#WR#VLWHV
ZLWKLQ#WKUHH#KRXUV#RI#WKH#DQJOHU*V#KRPH1##:H
WDNH#QR#DFFRXQW#RI#SHRSOH#ZKR#ZRXOG#FRPH
DQG#VSHQG#VHYHUDO#GD\V#ILVKLQJ#DW#D#VLWH1##%\
H[FOXGLQJ# WKHVH#SHRSOH#ZH# OLNHO\#XQGHUVWDWH
WKH#FRVWV#RI#LQFUHDVHG#DFLGLW\1
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& 7KLV#PRGHO# WUHDWV# HYHU\# GD\# DV# D# SRWHQWLDO UHDFWLRQ#DPRQJ#QLWURJHQ#R[LGHV# +12[,#DQG#YRODWLOH
ILVKLQJ# GD\/# DQG# DVVXPHV# WKDW# HDFK# ILVKLQJ RUJDQLF#FRPSRXQGV#+92&V,1##'RFXPHQWHG#VFLHQWLILF
RFFDVLRQ# LV# LQGHSHQGHQW# RI# DOO# RWKHUV1 HYLGHQFH#VXJJHVWV#WKDW#HOHYDWHG#R]RQH#FRQFHQWUDWLRQV
1HLWKHU# DVVXPSWLRQ# LV# UHDOLVWLF1# # 7KH LQ#WKH#WURSRVSKHUH#GLVUXSW#HFRV\VWHPV#E\#GDPDJLQJ
LPSOLFDWLRQ# LV# WKDW# RXU# PHDVXUH# RI# WKH DQG#VORZLQJ#WKH#JURZWK#RI#YHJHWDWLRQ1##:H#H[DPLQH
VHDVRQDO#FRVWV#DUH#OLNHO\#ELDVHG#XSZDUG1# RQH#DVSHFW#RI#WKHVH#LPSDFWV#LQ#WKLV#DQDO\VLV/#UHGXFHG

& 0RQWJRPHU\# DQG# 1HHGHOPDQ# GR# QRW LPSDFWV#IURP#4<<3#WR#5343#WR#EH#'41;:#ELOOLRQ1
FRPSXWH#D#FRQILGHQFH#LQWHUYDO#IRU#WKH#YDOXH
HVWLPDWHV#RI#ODNH#DFLGLILFDWLRQ#LQ#WKHLU#VWXG\1
7KLV#FRXOG# UHVXOW# LQ#DQ#RYHUHVWLPDWH#RI# WKH
HFRQRPLF# LPSDFW#RI#DFLGLILFDWLRQ#DV#ZH#FDQ
QRW# GHWHUPLQH# WKDW# WKH# YDOXH# HVWLPDWHV# DUH
VLJQLILFDQWO\#GLIIHUHQW#IURP#]HUR1

& (YHQ#WKRXJK#WKLV#VWXG\#RIIHUV#D#PXFK#PRUH
FRPSUHKHQVLYH#VHW#RI#DOWHUQDWLYH#ILVKLQJ#VLWHV
WKDQ#PRVW# UHFUHDWLRQDO# ILVKLQJ# VWXGLHV/# ZH
ZHUH# XQDEOH# WR# DFFRXQW# IRU# ULYHUV# DQG
VWUHDPV/# RU# IRU# ODNHV# DQG# SRQGV# LQ# QHDUE\
VWDWHV1# #7R# WKH#H[WHQW# WKDW# WKHVH#DOWHUQDWLYH
VLWHV#DUH#VXEVWLWXWHV#IRU#1HZ#<RUN#ODNHV/#RXU
ZHOIDUH#PHDVXUHV#PD\#RYHUVWDWH#WKH#FRVWV#RI
DFLGLILFDWLRQ1

& :H#DVVXPH#WKDW#DQJOHUV#SHUFHLYH#WKH#HIIHFWV
RI#DFLGLILFDWLRQ#DW#D#S+#WKUHVKROG#ORZHU#WKDQ
WKDW#DW#ZKLFK#WKH#UDQGRP#XWLOLW\#PRGHO#ZDV
HVWLPDWHG1# #7KLV# LV#D#FRQVHUYDWLYH#DSSURDFK
ZKLFK# SRWHQWLDOO\# XQGHUHVWLPDWHV# WKH# WRWDO
LPSDFW#RI#DFLGLILFDWLRQ/#EXW#RYHUHVWLPDWHV#WKH
EHQHILWV#RI#WKH#&$$$#EHFDXVH#WKH#GLIIHUHQFH
EHWZHHQ# WKH# SHUFHQWDJH# RI# ODNHV# WKDW# DUH
DFLGLILHG#LQ#RXU#EDVHOLQH#DQG#&$$$#VFHQDULRV
LV#ODUJHU#DW#ORZHU#WKUHVKROG#S+#OHYHOV1

Timber Production Impacts 
from Tropospheric Ozone #

7KH# SXUSRVH# RI# WKLV# VHFWLRQ# LV# WR# HYDOXDWH# WKH
SURVSHFWLYH#EHQHILWV#RI#LPSURYHG#FRPPHUFLDO#WLPEHU
JURZWK#WKURXJK#WKH#UHGXFWLRQ#RI#WURSRVSKHULF#R]RQH
FRQFHQWUDWLRQV# DWWULEXWDEOH# WR# WKH# &$$$1
7URSRVSKHULF#R]RQH#+2 ,#LV#D#VHFRQGDU\#SROOXWDQW#WKDW6
LV# FUHDWHG# LQ# WKH# DWPRVSKHUH# E\# D# SKRWRFKHPLFDO

FRPPHUFLDO#WLPEHU#JURZWK/#DQG#ILQG#WKH#FXPXODWLYH

Ecological Effects of Ozone

,Q# WHUPV# RI# IRUHVW# SURGXFWLYLW\# DQG# HFRV\VWHP
GLYHUVLW\/#R]RQH#PD\#EH#WKH#SROOXWDQW#ZLWK#WKH#JUHDWHVW
SRWHQWLDO#IRU#UHJLRQDO0VFDOH#IRUHVW#LPSDFWV#+1$3$3/
4<<4,1# # 6WXGLHV# KDYH# GHPRQVWUDWHG# UHSHDWHGO\# WKDW
R]RQH#FRQFHQWUDWLRQV#FRPPRQO\#REVHUYHG#LQ#SROOXWHG
DUHDV#FDQ#KDYH#VXEVWDQWLDO#LPSDFWV#RQ#SODQW#IXQFWLRQ
+VHH#8161(3$#4<<9>#'H#6WHLJXHU#4<<3>#3\H#4<;;#IRU
VXPPDULHV,1##

/LNH# FDUERQ# GLR[LGH# +&2 ,# DQG# RWKHU# JDVHRXV5
VXEVWDQFHV/# R]RQH# HQWHUV# SODQW# WLVVXHV# SULPDULO\
WKURXJK# DSHUWXUHV# LQ# OHDYHV# LQ# D# SURFHVV# FDOOHG
VWRPDWDO#XSWDNH1##7R#D#OHVVHU#H[WHQW/#R]RQH#FDQ#DOVR
GLIIXVH#GLUHFWO\#WKURXJK#VXUIDFH# OD\HUV#WR#WKH#SODQW*V
LQWHULRU# +:LQQHU#DQG#$WNLQVRQ#4<;9,1# #2QFH#R]RQH
UHDFKHV#WKH#LQWHULRU#RI#SODQW#FHOOV/#DV#D#KLJKO\#UHDFWLYH
VXEVWDQFH/# LW# LQKLELWV# RU# GDPDJHV# HVVHQWLDO# FHOOXODU
FRPSRQHQWV# DQG# IXQFWLRQV/# LQFOXGLQJ# HQ]\PH
DFWLYLWLHV/# OLSLGV/#DQG#FHOOXODU#PHPEUDQHV/#GLVUXSWLQJ
WKH#SODQW*V#RVPRWLF# +L1H1/#ZDWHU,#EDODQFH# DQG# HQHUJ\
XWLOL]DWLRQ#SDWWHUQV#+8161(3$#4<<9>#7LQJH\#DQG#7D\ORU
4<;5,1##'DPDJH#WR#SODQWV#LV#FRPPRQO\#PDQLIHVWHG#DV
VWUHVV#VSHFLILF#V\PSWRPV#VXFK#DV#FKORURWLF#RU#QHFURWLF
VSRWV/# LQFUHDVHG# OHDI# VHQHVFHQFH# +DFFHOHUDWHG# OHDI
DJLQJ,#DQG#UHGXFHG#SKRWRV\QWKHVLV1##$OO#WKHVH#IDFWRUV
UHGXFH# D# SODQWV*# FDSDFLW\# WR# IRUP# FDUERK\GUDWHV
+8161(3$# 4<<9,/# ZKLFK# DUH# WKH# SULPDU\# IRUP# RI
HQHUJ\#VWRUDJH#DQG#WUDQVSRUW#LQ#SODQWV1##5HGXFWLRQ#RI
FDUERK\GUDWH# SURGXFWLRQ# DQG# GLVUXSWLRQ# RI# FDUERQ
DOORFDWLRQ#SDWWHUQV#LQ#WXUQ#FDQ#LPSDFW#WKH#JURZWK#UDWHV
RI#WUHHV/#VKUXEV/#KHUEDFHRXV#YHJHWDWLRQ#DQG#FURSV1##

,Q#WKLV#VHFWLRQ#ZH#IRFXV#RQ#WKH#HFRQRPLF#LPSDFWV
RI# UHGXFLQJ#FRPPHUFLDO# WLPEHU#JURZWK#RQ# WKH#8161
HFRQRP\1##7LPEHU#VXSSO\#LV#D#GLUHFW#HFRORJLFDO#VHUYLFH
IORZ#DIIHFWHG#E\#WURSRVSKHULF#R]RQH#DQG#LV#WKHUHIRUH
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DQ# LGHDO# TXDQWLWDWLYH# H[DPSOH# RI# WKH# EHQHILWV# RI 5HWULHYDO#6\VWHP#+$,56,1 ###$,56#LV#D#FRPSUHKHQVLYH
FRQWUROOLQJ# WURSRVSKHULF# R]RQH# LQ# WKH# 8161 GDWDEDVH# WKDW# FRQWDLQV# DPELHQW# DLU# TXDOLW\#PRQLWRU
1HYHUWKHOHVV/#LW#LV#LPSRUWDQW#WR#QRWH#WKDW#WKLV#EHQHILW GDWD#IRU#WKH#FRQWLJXRXV#8161###7R#HVWLPDWH#IXWXUH#\HDU
UHSUHVHQWV# RQO\# D# VPDOO# SRUWLRQ# RI# WKH# RYHUDOO FRQFHQWUDWLRQV#RI#R]RQH#ZH#XVH#WKH#8UEDQ#$LUVKHG
HFRORJLFDO# EHQHILWV# RI# UHGXFLQJ# WKH# LPSDFWV# RI 0RGHO#+8$009,/#D#WKUHH0GLPHQVLRQDO#SKRWRFKHPLFDO
WURSRVSKHULF#R]RQH#RQ#HFRV\VWHPV#DFURVV#WKH#QDWLRQ1 JULG#PRGHO#WKDW#FDOFXODWHV#FRQFHQWUDWLRQ#RI#SROOXWDQWV

Modeling Timber Impacts from Ozone

,Q# WKLV# VHFWLRQ# ZH# GHVFULEH# RXU# PHWKRGV# IRU
TXDQWLI\LQJ# WKH# LPSDFWV# RI# WURSRVSKHULF# R]RQH# RQ
FRPPHUFLDO#WLPEHU#SURGXFWLRQ1##7KH#DVVHVVPHQW#RI#WKH
EHQHILWV# RI# UHJXODWLQJ# WURSRVSKHULF# R]RQH# LQYROYHV
WKUHH#PDMRU#VWHSV=

& (VWLPDWLRQ#RI#DPELHQW#R]RQH#FRQFHQWUDWLRQV
XQGHU# D# UHJXODWRU\# DQG# D# QRQ0UHJXODWRU\
VFHQDULR>

& (VWLPDWLRQ# RI# WKH# JURZWK# FKDQJHV# IURP
R]RQH#H[SRVXUH#RQ#FRPPHUFLDO#IRUHVWV>

& (VWLPDWLRQ# RI# WKH# HFRQRPLF# LPSDFW# RI
FKDQJHV#LQ#FRPPHUFLDO#WLPEHU#JURZWK1

:H# GHVFULEH# WKH# FRPSOHWLRQ# RI# HDFK# RI# WKHVH
VWHSV/#WKH#PRGHOV#ZH#XVH#DQG#WKHLU#LQSXW#GDWD1##8SRQ
FRPSOHWLRQ#RI#WKHVH#VWHSV#LW#LV#SRVVLEOH#WR#FRPSDUH#WKH
WURSRVSKHULF#R]RQH#FRQFHQWUDWLRQV/#HFRORJLFDO#HIIHFWV/
DQG# UHVXOWDQW# HFRQRPLF# LPSDFWV# RYHU# WKH# SHULRG
4<<305343#ERWK#ZLWK#DQG#ZLWKRXW#WKH#&$$$1##7KH#QHW
GLIIHUHQFH#EHWZHHQ#HFRV\VWHP#HIIHFWV#DQG#HFRQRPLF
LPSDFWV#ZLWK#DQG#ZLWKRXW#WKH#&$$$#UHSUHVHQWV#WKH
EHQHILWV#DFFUXHG#WR#VRFLHW\#IURP#WKH#LPSOHPHQWDWLRQ
RI#WKH#&$$$1

5VGR"3<"'UVKOCVKPI"#ODKGPV"1\QPG
%QPEGPVTCVKQPU

,Q# RUGHU# WR# VLPXODWH# WKH# LPSDFWV# RI# R]RQH# RQ
FRPPHUFLDO#IRUHVW#SURGXFWLYLW\#ZH#PXVW#HVWLPDWH#WKH
DPELHQW#R]RQH# FRQFHQWUDWLRQV# DW#ZKLFK# IRUHVWV# DUH
H[SRVHG#ERWK#ZLWK#DQG#ZLWKRXW#WKH#UHJXODWLRQV#RI#WKH
&$$$1##:H#DFFRPSOLVK#WKLV#XVLQJ#KLVWRULFDO#DPELHQW
R]RQH#GDWD#IRU#4<<3/#DQG#SURMHFWHG#R]RQH#GDWD#IRU#WKH
\HDUV#5333#DQG#53431##:H#XVH#KLVWRULFDO#KRXUO\#R]RQH
FRQFHQWUDWLRQV#IURP#(3$*V#$HURPHWULF#,QIRUPDWLRQ

53

E\#VLPXODWLQJ#WKH#SK\VLFDO#DQG#FKHPLFDO#SURFHVVHV#LQ
WKH#DWPRVSKHUH1##

5VGR"4<"'EQNQIKECN"'HHGEVU

:H# XVH# WKH# 3Q(70,,# PRGHO# WR# HVWLPDWH# WKH
LPSDFWV#RQ#WLPEHU#JURZWK#RI#HOHYDWHG#DPELHQW#R]RQH1
7KH#PRGHO#DVVHVVHV#WKH#DYHUDJH#FKDQJH#LQ#SURGXFWLYLW\
IRU#VRIWZRRG#DQG#KDUGZRRG#IRUHVWV#LQ#HDFK#RI#QLQH
WLPEHU#JURZLQJ# UHJLRQV#GHILQHG#E\# WKH#8161#)RUHVW
6HUYLFH#+VHH#IROORZLQJ#VHFWLRQ,1##7KH#VWUHQJWK#RI#3Q(7
,,#LV#WKDW#LW#SURYLGHV#D#PHDQV#WR#XVH#D#JHRJUDSKLFDOO\
WUDQVIHUDEOH# PHWKRG# WR# DVVHVV# IRUHVW# VWDQG0OHYHO
HVWLPDWHV# RI# WKH# LPSDFWV# RI# DPELHQW# R]RQH# RQ
SURGXFWLYLW\1# # )RU# WKH# SXUSRVHV# RI# D# QDWLRQDO
DVVHVVPHQW/#WKLV#SURYLGHV#D#VLJQLILFDQW#DGYDQWDJH#RYHU
DOWHUQDWLYH# H[LVWLQJ# PHWKRGV# EDVHG# RQ# SODQW0OHYHO
PRGHOV# +H1J1# WKH# WUHH# JURZ#PRGHO# +75(*52,,# RU
H[SHUW# RSLQLRQ# VXUYH\V# +H1J1# 1# 3\H# HW# DO1# 4<<;>
GH6WHLJXHU# 4<<3,1# #7KH#GLVDGYDQWDJHV#RI# WKH#PRGHO
LQFOXGH=#WKH#XVH#RI#SKRWRV\QWKHWLF#UDWHV#DV#DQ#LQGLFDWRU
RI#R]RQH#LPSDFWV#UDWKHU#WKDQ#D#PHFKDQLVWLF#PHDVXUH
RI# UHVSLUDWRU\# FKDQJH># SRWHQWLDO# ELDV# FUHDWHG#ZKHQ
VFDOLQJ# QHW# SULPDU\# SURGXFWLYLW\# +133,# FKDQJHV# LQ
SODQWV# WR# WKH# IRUHVW# VWDQG# OHYHO># DQG# WKH# XVH#RI# DQ
R]RQH#PHDVXUH#WKDW#PD\#EH#RYHUO\#VHQVLWLYH#WR#FKDQJHV
LQ#DPELHQW#FRQFHQWUDWLRQV#+'73 #,1##:H#GLVFXVV#WKH54

PDMRU#IDFHWV#RI#WKH#PRGHO*V#FRQVWUXFWLRQ#EHORZ1

7KH# 3Q(70,,# PRGHO# LV# D# PRQWKO\# WLPH# VWHS/
FDQRS\0# WR# VWDQG0OHYHO#PRGHO#RI# IRUHVW# FDUERQ# DQG
ZDWHU# EDODQFHV# EDVHG# RQ# VHYHUDO# JHQHUDOL]HG
UHODWLRQVKLSV#+H1J1#PD[LPXP#QHW#SKRWRV\QWKHVLV#DV#D
IXQFWLRQ#RI# # IROLDU#QLWURJHQ# FRQWHQW,1# #&DUERQ# DQG
ZDWHU# EDODQFHV# DUH# OLQNHG# LQ# WKDW# SRWHQWLDO
HYDSRWUDQVSLUDWLRQ#LV#GHWHUPLQHG#DV#D#IXQFWLRQ#RI#OHDI
JDV# H[FKDQJH# UDWHV# DQG# WKH# DWPRVSKHULF# YDSRU

#6HH#%ZZZ1HSD1JRY2DLUV%/53

#7KH#'73#PHDVXUH#UHSUHVHQWV#WKH#FXPXODWLYH#R]RQH#GRVH54

DERYH#D#WKUHVKROG#FRQFHQWUDWLRQ#RI#73#SSE1
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SUHVVXUH# GHILFLW# +L1H1# KXPLGLW\,1# # $FWXDO DQG#SURGXFHU#VXUSOXV1##3UHYLRXV#SHHU0UHYLHZHG#(3$
HYDSRWUDQVSLUDWLRQ#LV#GHWHUPLQHG#IURP#D#FRPSDULVRQ DQDO\VHV#RI#FKDQJHV#LQ#WLPEHU#SURGXFWLYLW\#+8161(3$
RI# SRWHQWLDO# HYDSRWUDQVSLUDWLRQ# ZLWK# DYDLODEOH# VRLO 4<<:,#XVH#WKLV#VDPH#PRGHO1
ZDWHU/#ZKLFK#LV#DIIHFWHG#E\#SUHFLSLWDWLRQ/#VQRZ#PHOW/
GLUHFW#HYDSRUDWLRQ# IURP#FDQRS\#VXUIDFHV/#VRLO#ZDWHU 7KHUH#DUH#WKUHH#VWDJHV#WR#WKH#HFRQRPLF#HVWLPDWLRQ1
KROGLQJ# FDSDFLW\# DQG# D# IDVW# IORZ# IUDFWLRQ# WKDW )LUVW# IRUHVW# JURZWK# UDWH# LQIRUPDWLRQ# JHQHUDWHG# E\
UHSUHVHQWV#PDFURSRUH#IORZ#WR#EHORZ#WKH#URRWLQJ#]RQH1 3Q(70,,#LV#SURYLGHG#WR#WKH#IRUHVW#LQYHQWRU\#WUDFNLQJ

7KH#PRGHO#VLPXODWHV#D#PXOWL0OD\HUHG#IRUHVW#FDQRS\ $VVHVVPHQW# 6\VWHP# +$7/$6,1# # *URZWK# UDWH
WKDW#LQFOXGHV#JUDGLHQWV#LQ#DYDLODEOH#OLJKW/#VSHFLILF#OHDI LQIRUPDWLRQ# LV# SURYLGHG# IRU# HDFK# RI# WKH# IRUHVW
ZHLJKW# DQG# KHQFH/# OHDI# OHYHO# FDUERQ# JDLQ1# #$QQXDO/ SURGXFWLRQ#UHJLRQV#GHILQHG#E\#7$001##+:H#GR#QRW
ZKROH0FDQRS\#FDUERQ#JDLQ#LV#DOORFDWHG#WR#OHDYHV/#ZRRG VLPXODWH# FKDQJHV# LQ# WKH# &DQDGLDQ# UHJLRQV# IRU# WKLV
DQG# URRWV# DIWHU# FDOFXODWLRQV# IRU# JURZWK# DQG DQDO\VLV1,# #6HFRQG/#$7/$6#JHQHUDWHV#DQ#HVWLPDWH#RI
PDLQWHQDQFH#UHVSLUDWLRQ#FRVWV1##7KH#PRGHO#KDV#EHHQ IRUHVW#LQYHQWRULHV#LQ#HDFK#PDMRU#UHJLRQ/#ZKLFK#LQ#WXUQ
VXFFHVVIXOO\#YDOLGDWHG#IRU#IRUHVW#SURGXFWLRQ#DQG#ZDWHU VHUYHV#DV#LQSXW#WR#WKH#PDUNHW#FRPSRQHQW#RI#7$001
EDODQFHV#DW#D#QXPEHU#RI#WHPSHUDWH#DQG#ERUHDO#IRUHVW ,Q# WKH# WKLUG# VWDJH/# 7$00# HVWLPDWHV# WKH# IXWXUH
VLWHV1# # )RU# D# IXOO# GHVFULSWLRQ# RI#PRGHO# DOJRULWKPV/ KDUYHVWV# DQG#PDUNHW# UHVSRQVHV# LQ# HDFK# UHJLRQ1# #$
LQSXWV/#DVVXPSWLRQV/#VHQVLWLYLW\#DQDO\VHV#DQG#YDOLGDWLRQ GHWDLOHG#GHVFULSWLRQ#RI#7$00*V#VWUXFWXUH#LV#IRXQG#LQ
H[HUFLVHV/# VHH# $EHU# DQG# )HGHUHU# +4<<5,/# $EHU# HW $GDPV#DQG#+D\QHV#+4<<9,1
DO/1+4<<8,#DQG#2OOLQJHU#HW#DO1#+4<<;,1

3Q(70,,#XVHV#DQ#DOJRULWKP#WR#DOORZ#SUHGLFWLRQ#RI
R]RQH# HIIHFWV# RQ# IRUHVW# JURZWK# WKDW# UHODWHV
R]RQH0LQGXFHG# UHGXFWLRQV# LQ#QHW#SKRWRV\QWKHVLV# WR
FXPXODWLYH# R]RQH# XSWDNH# +2OOLQJHU# HW# DO1# 4<<:,1
8SWDNH#LV#GHWHUPLQHG#IRU#R]RQH#FRQFHQWUDWLRQV#DERYH
73#SSE#DQG#LV#DIIHFWHG#E\#R]RQH#H[SRVXUH#OHYHOV#DQG
OHDI#JDV#H[FKDQJH#UDWHV1##$SSOLFDWLRQ#DW#VLWHV#ORFDWHG
DFURVV# WKH# QRUWKHDVWHUQ# 86# VKRZ# DQ# LQWHUHVWLQJ
LQWHUDFWLRQ# EHWZHHQ# R]RQH# DQG# ZDWHU# DYDLODELOLW\
ZKHUHE\# WKH# RFFXUUHQFH# RI# GURXJKW# VWUHVV# UHGXFHG
R]RQH#GDPDJH#YLD#UHGXFWLRQV#LQ#VWRPDWDO#FRQGXFWDQFH/
DQG#KHQFH/#R]RQH#XSWDNH1

5VGR"5<"'EQPQOKE"+ORCEVU

7R#PRQHWL]H# WKH# HFRORJLFDO# HIIHFWV# RI# HOHYDWHG
DPELHQW#R]RQH#RQ#FRPPHUFLDO#WLPEHU#SURGXFWLRQ#LW#LV
QHFHVVDU\#WR#HVWLPDWH#WKH#PDUNHW#FKDQJHV#WKDW#UHVXOW
IURP#UHGXFHG#WLPEHU#JURZWK#UDWHV1##:H#XVH#WKH#86'$
)RUHVW# 6HUYLFH# 7LPEHU# $VVHVVPHQW#0DUNHW#0RGHO
+7$00,#WR#DQDO\]H#WKH#FKDQJHV#LQ#WLPEHU#LQYHQWRULHV
WKDW#ZRXOG#UHVXOW#XQGHU#HDFK#RI#RXU#R]RQH#H[SRVXUH
VFHQDULRV/# DQG# WKH# FRQVHTXHQW# FKDQJHV# LQ#KDUYHVWV/
SULFHV# DQG# UHJLRQDO#GHPDQG# IRU# WLPEHU1# #8VLQJ# WKH
LQYHQWRU\#DQG#PDUNHW#FRPSXWDWLRQV/#7$00#HVWLPDWHV
WKH#RYHUDOO# HFRQRPLF#ZHOIDUH# LPSDFW#RI# FKDQJHV# LQ
IRUHVW#JURZWK#UDWHV/#LQ#WHUPV#RI#FKDQJHV#LQ#FRQVXPHU

FRPSRQHQW#RI#7$00/#FDOOHG#$JJUHJDWH#7LPEHU#/DQG

Ecological Results

301HW#,,#SDUWLWLRQV#133#RI#IRUHVW#WUHHV#DFFRUGLQJ
WR#WLVVXH#W\SH1##&KDQJHV#LQ#133#IRU#ZRRG#WLVVXH#UHVXOW
LQ#FKDQJHV#LQ#WUHH#JURZWK#UDWHV1##2Q#WKH#ZKROH/#301HW
,,#HVWLPDWHV#WKDW#FRPPHUFLDO#WLPEHU#JURZWK#UDWHV#DUH
LPSURYHG#DV#D#UHVXOW#RI#UHGXFHG#WURSRVSKHULF#R]RQH
H[SRVXUH# DWWULEXWDEOH# WR# WKH# &$$$1# # 7KH
LPSURYHPHQW#LQ#JURZWK#UDWHV#E\#WKH#\HDU#5343#UDQJHG
IURP#QHJDWLYH#3189#SHUFHQW#WR#431<4#SHUFHQW1##7DEOH#(0
4<#VXPPDUL]HV#WKH#HVWLPDWHG#FKDQJHV#LQ#JURZWK#UDWHV/
E\#UHJLRQ/#IRU#WKH#HQWLUH#8161


